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GROWTH, DEVELOPMENT, AND PLANT TEMPERATURE 
CHARACTERISTICS OF OATS UNDER WATER STRESS 
Abstract 
Bl KKAR S ltJGH SANDHU 
Under the supervision of Dr. Maurice L. Horton 
Little information is available on sensitivity of oats to 
water deficits. Therefore, this study was designed (a) to investigate 
physiological response of oats to water stress, (b) to determine 
quantitative effect of water deficits on growth and yield components 
of oats, and (c) to evaluate plant temperature of oats as a water 
stress index. Spiing oats (Avena sativa L. ) grown under field 
conditions were subjected to 10-11 day stress at boot stage, at 
anthesis through early grain formation stage and at both stages in 
combination. 
Diurnal and seasonal patterns of relative leaf water content, 
leaf diffusion resistance, and net photosynthesis were examined 
during the stress period. Relative leaf water content was used as 
an indicator of water stress level in plants. Severe stress at all 
development stages studied caused about 80% decline in net photo­
synthesis. Leaf diffus.ion resistance exhibited substantial increase 
with progress of water deficits. Interestingly, earlier stress at 
the boot stage significantly reduced the sensitivity of photosynthesis 
to later stress at the anthesis through grain formation stage. 
Diurnal patterns of these parameters indicated a strong water stress 
x solar radiation interaction, and the interactions were variable 
with the stressed and the turgid plants. On rewatering, leaf resistance 
and relative leaf water content of every stress treatment recovered 
completely within 1-5 days. However, net photosynthetic rate of the 
plants stressed at anthesis through early grain formation stage alone 
showed a more gradual and incomplete recovery than that of the plants 
stressed at other stages. 
Leaf area and plant height data showed that at the boot stage 
leaf and stem elongation was more sensitive to water deficits than 
net photosynthesis. Stress at the anthesis through early grain 
forrration stage inhibited yield components moie severely than stress 
at the boot stage, especially as shown by panicles, kernels and 
dehulled kernels data. Earlier stress depressed kernel yield by 20%, 
whereas the reduction was 58% with the later stress. Stress at both 
stages in combination produced 67% decrease. After the stress was 
removed, the plants previously stressed at boot stage exhibited a more 
active growth than the control plants, as indicated by accelerated 
photosynthesis and profuse tillering. All stress treatments encouraged 
a deeper root-system. 
Leaf and canopy temperature results demonstrated that during 
clear daylight hours, the stressed oats remained 2-5 C warmer than 
the unstressed oats. Evidently, canopy temperature can be used to 
locate water deficits in oats under appropriate atmospheric conditions. 
Earlier stress did not influence water-use efficiency, however, later 
stress lowered water-use efficiency based on dry matter production 
by 33% and that based on kernel yield by 73%. 
INTRODUCTION 
Plant moisture de ficits occur frequently in the Great Plains 
and cause significant reductions in plant growth and crop yields. In 
the state of South Dakota, soil moisture de ficiency is one of the 
major factors contributing to low crop production. During the active 
growing season, rainfall generally lags behind the soil moisture 
depletion \-Jhich occurs through the processes of evapotranspi ration 
and drainage. In the dryland areas of  the State (about 95% of 
cropped area), this imbalance often causes moderate to severe water 
stress in plants with eventual partial to complete crop failures. 
Therefore, judicious water management is needed to maximize water-use 
efficiency of  the limited water resources. To achieve the above 
objective, it is essential to have a clear understanding of  dynamic 
plant-moisture relationships during the important development stages 
of major crops. 
Qualitatively, it is well recognized that water stress causes 
physiological and metabolic disturbances in key plant processes of 
cell elongation, carbohydrate synthesis and translocation, stomatal 
movement, water and nutrient uptake, and protein metabolism. These 
adverse effects generally integrate to cause significant reductions 
in final crop yields. The important factors which characterize water 
stress in plants are soil water tensio�, meteorological environments 
and plant factors such as root grov,th and distribution, genotype, 
crop morphology, and canopy structure. Because o f  variation and 
complicated interaction of  these factors, all major economic species 
need to be studied for defining and quantifying severity of water 
stress effects on various plant characteristics o f  interest. 
Oats have been selected as a test crop for this study for 
two reasons. Firstly, there is greater dearth o f  experimental 
.evidence on water stress-plant relationships o f  oats than any other 
major small grain crop. Secondly, oats make a significant contri­
bution to the total cropped acreage and the economics o f  South 
Dakota. According to Reeves (1972), oats rank next to corn in 
acreage and account for 15% of the total value of  crops in the 
State. 
The study included imposition of  water stress at vario:.:s 
development stages of oats with the following specific objectives: 
1. To evaluate the effects of  drought stress under field conditions 
on certain physiological characteristics of oats and to examine 
the poss1bility of using these characteristics as water stress 
indexes. 
2. To determine the sensitivity and quantitative response of  growth 
and yield components of oats to water deficits. 
3. To assess the influence of \\later stress on water-use ef ficiency 
and root distribution. 
4� To evaluate plant temperature of oats as a water stress index. 
2 
The information gained from this study can be used to optimize 
water-use efficiency for oats in dry as well as irrigated lands, to 
predict losses in oat production from periodic moisture deficits 
3 
and to supplement rainfall during critical stages of crop development 




The traditional format of thesis-writing has not been followed 
in order to bring the thesis format in closer conformity with publica­
tion requirements. Sometimes the research findings remain hidden in 
theses forever simply because of the additional efforts required to 
rearrange and rewrite the results to suit the publication format. 
An attempt has been made to avo1d this deficiency. Fortunately, the 
results of this study can be conveniently sectioned and discussed 
into separate chapters, each constituting an independent publication. 
In each chapter, the pertinent information is presented under the 
usual headings of a publication, i.e. introduction ar.d literature 
review, materials and methods, results and discussion, an d abstract. 
However, the references of all the chapters are collectively given 
at the end of the thesis. A general summary of the entire thesis 
research is reported separately. The proposed format will present 
the data in a better understandable and precise manner. The subject 
matter is presented in chapters as follows: 
Chapter - Physiological response of oats to water stress. 
Chapter 11 - Growth and yield response of oats to water stress. 
Chapter Ill - Plant temperature and water use as influenced by water 
stress. 
Chapter IV - General summary. 
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CHAPTER 
PHYSIOLOGICAL RE SPON SE OF OATS TO WATER STRE S S  
Dry matter production and grain yield o f  a crop are deter­
mined by cumulative effects of various physiological processes which 
occur during its entire growth period. Disturbances in important 
physiological functions of a plant following moisture de ficit may 
serve as useful indicators of  yield reductions. Water stress effects 
on physiological phenorrena are, however, specific to plant genotype 
and to its stage of  development (El-Sharkawy and Hesketh,. 1964; Wells 
and Dube tz, 1970; De Lis et a 1. , 1 967; · and Boyer, 1970). 
Relative leaf water content and 1eaf water potential are 
generally considered reliable criteria o f  internal water balance in 
plants. Kramer (1963) reported that unlike soil water tension, they 
directly control plant growth. The two parameters hold a close 
relationship, if not unique, for a specific plant specie under a 
given set of environmental conditions. Plant water status is 
pr i mar i 1 y cont ro 11 ed by two facto rs: ( 1) 1 a g be tween atmospheric 
evaporative rate at the plant surface (mostly leaf) and water absorption 
rate at the root surface and (2) total liquid and vapor di ffusion 
resistance (plant resistance) along the plant pathway extending from 
root to ambient air. The lag itself is determined by soil water 
tension and potential evaporation. But it is  increasingly felt that 
potential evaporative demand plays a more dominant role in character­
izing plant water stress than soil water tension (Cary and Wright, 
1971; Denmead and Shaw, 1962) . When l°ight is not limiting, plant 
resistance to water movement is primarily controlled by moisture 
deficit through its control over stomatal movement. 
6 
Miller et al. (1971), Downey (1971) , and Namken (1965) reported 
relative water content to be a useful index of plant water stress and 
suggested it as a basis for sched uling irrigation to barley and 
cotton. Miller et al. (1970 ) found that relative leaf water content 
varied with development stage of barley. Other workers (Mi 1 ler et al. 
1970 ; Troughton, 1969; Chen et al. 1971; and Hiller et a·l. 1971) 
studied relationships of relative water content to leaf water 
potential, leaf diffusion resistance, photosynthesis, and leaf 
temperature. 
Photosynthesis and transpiration are the most important 
plant processes of direct agronomic significance. Leaf diffusion 
resistance is regarded as a d irect measure of transpiration and a 
g ood approximation of stomatal aperture. Leaf d iffusion resistance 
is the algebric sum of a series of consecutive resistances along 
the pathway of vapour diffusion from mesophyll cells of the leaf to 
ambient air. Degree of stomatal opening is  the major regulator of 
water vapor diff�sion and CO2 exchange between t�e plant and ambient 
air. Existing information indicates that moisture deficits in 
plants exert a strong influence on leaf diffusion resistance and 
photosynthesis mainly through their d irect effect on promoting 
stomatal closure and mesophyll resistance (Cox and Boersma, 1967; 
7 
Shimshi, 1963; Troughton, 1969; and Turner, 1969). Moisture deficiency 
may show additional adverse effects on photosynthesis through its 
inhibitory action on chlorophyll content (Bourque and Naylbr, 197 1) , 
biochemical processes (Plaut, 197 1), and translocation of photo-
syntha tes (Sosebee and Wiebe, 197 1) . It must, however, be remembered 
that light may differentially interact under changing environmental 
conditions to modify these stress effects. 
Earlier studies by Troughton { 1969), and Ritchie and Jordan 
( 197 2) indicate a progressive incr.ease in leaf diffusion resistance· 
of cotton and sorghum leaves as the relative leaf water content 
dropped with increasing water stress. Work of Clark and Hiler ( 197 1) 
showed that leaf diffusion resistance in peas is not as responsive 
to water stress as leaf water potential. Troughton (1969) found a 
parallel increase in leaf diffusion resistance and a decrease in 
photosynthesis as the cotton plants were stressed from relative leaf· 
water content of 96% to 56%. He further observed a complete recovery 
of relative water content and only a partial recovery of leaf 
diffusion resistance. 
Water stress reduces crop yields through its detrimental 
effects on both leaf area and photosynthetic efficiency. It has 
been shown by Boyer- ( 1970) and Brix ( 1962) that water stress effects 
on photosynthesis of a num ber of crops are highly variant with 
respect to critical water stress level, magnitude of severity, and 
degree of recovery on rewatering •. Baker and Musgrave ( 1964) reported 
40-50% reduction in net photosynthesis of corn with water stress. 
Schneider and Childers (1941) found 55% decline in net CO2 exchange 
of apples even with slight soil water tension and before visible 
signs of wilting in plants. Contrary to these results, Troughton 
and Slatyer (1969) noted no effect of water deficits on gross 
photosynthesis of cotton leaves even when relative water contents 
were lowered to 55%. Similarly, another study by Upchurch et al. 
(1955) indicated no decrease in photosynthesis of Ladino clover 
unti 1 the plants started wilting. 
Most of the investigations into the influence of moisture 
deficits on physiological processes have been made under well 
controlled conditions in growth chambers or greenhouses on plants 
grown in small pots with soi 1 water content or soii water tension 
as the stress index. It is of doubtful validity to extrapolate the 
f indings of such studies to field crops under natural environments 
as ver ified and cautioned by Cary and Wright (1971). 
The literature is lacking information on response of oat 
physiology to water deficits. Therefore, the purpose of this study 
was to determine the influence of water stress, imposed at different 
development stages of oats, on relative leaf water content, leaf 
diffusion resistance, and net photosynthesis. It was also designed 
to examine these parameters as indices of plant water stress and 
to evaluate them as a physiological basis for predicting crop yields. 
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MATERIALS AND METIi ODS 
The study was conducted with spring oats (Avena sativa L. , 
Variety Jaycee) grown in 120-litcr plastic garbage cans (SO cm I.D. 
at the top x 7 0  cm length, 42. 5  cm I.D. at the bottom) buried into 
the center of a field under natural environments. During the 
previous fall, the empty cans (hereafter referred to as pots) were 
imbedded into suitably stzed holes dug into the ground. The soil. 
used was 0 -15 cm Lismore silty clay loam�': collected from the area 
adjoining the experimental site. I t  was thoroughly mixed and passed 
through a metal screen with 0 . 7 3  cm openings. Prior to filling, a 
2 . 5 cm thick layer of pea-sized gravel was spread at the bottom of 
each pot to facilitate drainage of soil. The sieved soil containing 
16-18% moisture by weight was packed into the pots giving an 
approximate bulk density of 1. 2 g cm-3• The filling was terminated 
when the soi 1 surface within the pots was at the same level as the 
soil surrounding the pots leaving the edges of the pots approximately 
7.5 cm above the soil. The actual soil column in each pot was 60 cm 
deep and weighed about 130 kg. 
Layout of the experiment and the schematic plan of the auto­
matic rain cover_are shown in Fig. 1. The pots �ere arranged in 
three rows of ten each in a North-South direction. The distance 
between rows was 7 3  cm and the distance between pots in the rows 
2 5  cm. The automatic rain cover devict
Y
consisted of a rain gauge 
'*Soll survey Brookings County Series 1955 No. 3. 
9 
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1 1  
( a  large funnel with a rain collecting small cylindrical tube) equipped 
with a weight-sensitive electric switch which activated a reversible 
electric motor. The motor was connected by steel ca ble to a moveable 
shed composed of a frame covered with 4 mil transparent plastic. 
A small amount of rain activated the motor which pulled the sh'ed 
over the exper i mental area (9.6m x 6m ) .  The shed was mounted about 
100 cm above the ground and was open on all sides. This arrangement 
provided a free exchange of air and temperature between the experi­
mental area and the surroundings even during short rainfall periods. 
The rain cover enabled the achievement of plant water stress of the 
desired duration and intensity by withholding irrigation. 
One s teel acces s pipe of 3.9 cm I. D. was installed in the 
center of the soil column in each pot to monitor soil moisture with 
neutron probe and meter. Before planting oats on May 12, 1972, 
ammonium nitrate at the rate of 125 kg U/ha was applied and mixed 
into the surface layer. Chemical analysis indicated that the soil 
was w ell supplied with available P and K. The soil with a pH of 7. 3 
\�as free of excessive sa 1 ts and contained 4. 2�; organic matter. Each 
pot contained 5 5  plants distributed in 4 East-West rows. Due to 
unusually high precipitation during the early growth period, a 
relatively higher plant . population was maintained to obtain water 
stress. During the later part of the growing season, the weather 
becarre hot and dry with development of water stress quickly. The 
field surrounding the experimental area could not be p l anted to 
oats as planned due to the wet season ; however , wild oats and weeds 
grew and provided a surrounding environment similar to that of a crop. 
12 
The experiment wa.s a 2x2 factorial of completely randomized 
design with five replications. From the standpoint of agronomic 
significance, the boot sta ge (late) and the anthesis (from initiation 
of flowers opening) through early grain formation sta ge of plants 
were selected for a pplication of water stress. These two develop­
men t stages were treated as factors , each with two levels , i.e. 
water stress an d no water stress. Consequently, the experiment 
comprised the following four treatment combinations. 
1. Control (no stress at either stage) . 
2. Stress at  the boot stage (no stress at the anthesis through early 
g rain format i on stage). 
3. Stress at the anthesis through early · grain formation sta ge (no 
s t re s s  at the boot stage). 
4. Stress at the boot stage plus stress at  the anthesis through 
early grain formation stage. 
The g rowth of main shoots was used to characterize the two stages for 
s tress a pplication. Twenty pots showing uniform plant g rowth were 
selected for the experiment. For the sa ke of simplicity , the boot 
s tage wil l be hereafter refer red to as stage 1 and the anthesis 
through early grain formation stage as stage 2. The control plants 
were irr i gated adequate l y  at 3- 5 d �y intervals throughout the growth 
period .  
Water stress a t  sta ge 1 deve loped a bout June 11  and extended 
to June 22 , \"l'hi le water stress at stage 2 deve l oped a bout June 28 
and extended  to July 6. D uring nonstress periods , the plants 
1 3  
prev i ously subjected to water stress were adequately irrigated. The 
stress index was plant water status as indicated by relative leaf 
water content. 
Relative leaf water content, leaf diffusion resistance and 
net photosynthesis were determined on well developed leaves located 
secondmost from the top. 
Relative water content was estimated according to the method 
described by Barrs and Weatherley ( 1962) . For each estimation , 
one cm square chips from the central pottions of leaf blades 
excluding mid-ribs were c ut ,  transferred into air-tight containers 
and transported to a nearby laboratory for fresh weight measurement. 
Leaf chips were floated on distilled water for 4 hours at a light 
intensity of 60 foot candles and were f urther processed as reported 
- in the suggested method., Each sample derived its chips from 4 to 5 
different randomly selected leaves within a pot. This measurement 
was made on three replications of each treatment. The reported 
results are averages of three replications. 
Leaf diffusion resistance of intact leaves was measured 
with a diffusion poromete r as suggested by Van Bave 1 et a 1 .  ( 1 965). 
The observation was made on the middle portion of leaf blades. 
Three leaves were sampled from each of five pots under a treatment. 
Reported values are means of  15 sam ples. 
Net photosynthesis of single intact leaves was measured with 
Beckman Model 15-A infrared gas analyzer. An air-sealed Plex i glas 
' cham ber to enclose the leaf was fabricated as illustrated by \ /olf 
2 8 2 6 0 2  
SOUTH Q�KOTA STATE UNIVERSITY L IBRARY 
et al. (1969 ) with the exception that dimens ions were modified to 
better fit the le af size . Air \1as pumpe d into central comp artment 
at the rate of 1 0  litres/min. T he air flow rate maintained ove r the 
leaf and t hrough the reference chamber  was 1 litre/min. The se air 
flow rates provided  a good air-s eal to the le af chamber against 
contamination from outs ide air. After the meas urements were 
c ompleted , leaves were c ut and their area es timated us ing the 
conventional ammonia blue-print tec hnique. 
The incoming s olar rad iation d ata record ed c ontinuous ly by 
1 4  
an Eppley radiometer were obtained from the U . S. National Oceanographic 
and Atmos pheric Ad ministration Stat ion, Brookings , located about 
225 meters  eas t of  t h e  expe riment ai s it e. Total d aily va lues of 
sol a r  radiation d uring the entire growt h pe riod of the crop are 
.reported in Append ix IV . 
S oil mois t ure estimation from 1 5  to 60 c m  dept h was monit ored 
with Nuclear Chicago Mode 1 -23 00A neutron probe a nd meter. The 
G ravimetric method was us ed to d e termine s oil mo is ture in the 0 - 1 5 cm 
l aye r . 
The d at a  were statis tically analyzed according t o  Steel and 
T orrie (1960) . The analys is of variance for d at a  of le af d iffus ion 
res is tanc e and net photosyn thes is is given in Append ix I. 
1 5 
RESULTS AN D DISCUSSION 
RE LATIVE LEAF H/\TE R CONTENT 
Comparison of the internal water balance of unstressed and 
stressed oats (stage 1 )  as characterized by relative leaf water 
content (RL\JC ) is plotted in Fig . 2 .  Compared to the control, the 
stressed plants showed a marked and progressive decline in RLHC with 
advance in the stress period. The last three days of stress caused 
20% drop in RLWC as compared to 14% during the first 8 days of 
stress. This difference may be attributed to two factors. Firstly , 
the average evaporative demand for the period June 19-22  was greater 
than that for the period June 1 1-1 8. This is evidenced from the 
-2 -1  
· respective mean solar radiation flux of 658  cal cm day and 
,. -2 -1 �20 cal cm day (Appendix I V) .  Secondly, the exponential decline 
in h ydraulic con ductivity of soil with decreasing soil water content 
sharply reduced water uptake by roots. Th e two facto rs contributed 
to rapid increase in mo isture deficits due to progressive increase 
in lag between water absorption and transpirat i on. This observation 
points out that a severe stress over a short interva l may prove 
more damaging to plants than a moderate stress over a long period. 
These results are supported by data of net photosynthesis discussed 
later. Apparently the control plants also showed some stress from 
J une 20-22 because of l ntense evaporative demand (Downey and Mitchell , 
1 97 1') . 
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Relat i ve l eaf water content (RLWC ) of oats as affected 
by wate r st ress at boot stage  ( stage 1 ) . Al 1 mea sure­
ments were ma de between 1400-1600 hrs C ST • . 
Upon termination of stress on June 22 , the plants sh owed 
first rapid and then gradual recovery. Almost complete recovery 
was ob tained after 6 days. Slow recovery supposedly resulted from 
either changes in cell elasticity or increased plant resistance to 
water movement (B oyer, 197 1). 
The diurnal trends of RLWC of the control and the stressed 
plants ( stage 1) on cloudy and clear days are shown in Fig. 3. The 
atmospheric evaporative demand during the cloudy day was uniformly 
low due to consistently smaller flux of solar radiation. Therefore, 
the gap between RLWC of the control plants and the stressed plants 
remained the same throughout the day. But on the clear day, this 
di fference showed a progre ssive increase with time. At  i 5 00 h rs, 
the increase followed from greater lag between water absorption an d 
transpiration in the stressed plants than in the control plants as 
1 7  
a result of higher radiation intensity and air temperature. Hiller 
et al. ( 19 7 1) reported similar diurnal pattern in RLWC of n onstressed 
and stressed barley between morning and afternoon hours of a clear 
day. But  late in the evening, a more rapid recovery of control 
plants from minor stress a s  compared to the stressed plants from 
severe stress caused further increase in this gap. The slower 
recovery of the stressed plants can be attribu ted to restricted 
sot ) wa ter supply to roots. At 08 00  hrs of June 19 , the control 
and the stress treatments showed a RLWC difference. of 10% .  Bu t at 
the same time on June 2 1, the differe� ce amounted to 15%. These 
observations suggest that during the night time the stressed plants 
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D i urnal trends of re l ati ve lea f  water content ( RLWC ) 
of stressed and unstressed oat s  at  boot s tage 
(stage 1 )  on low and high evaporative demand days. 
. 1 8  
could not recover from the st ress of  the previous day and this 
lag continued to build up wtth stress period. Th is evidence further 
suppo rts the previous contenti on that lack of  comp lete recovery was 
mostly due to slow recovery of  soil water potential aroun d  roots 
rather than slow eq uilibr ium of wate r status among plant pa rts 
whi ch i s  generally a t ransient ph enomenon (Philip, 1966) . 
RLWC data repo rted in Fi g. 4 illustrate that the development 
of  and reco very from moisture deficits at stage 2 show trends 
almost similar to those at stage 1. However, a r elatively more  
rap id li near dec line o f  RLWC at stage 2 is due to uniformly higher 
average solar energy flux over t he stress pe rio d. Stress at stage 
1 t ended to augment the moisture deficits result ing from st res s at 
stage 2 .  
LEAF DIFFUS ION RES ISTANCE 
1 9  
Fig. 5 depicts the effec ts of water stress imposed at s tage 1 
on  leaf diffusion resistance of o ats. In general, leaf resistance of 
the stressed plants sho wed p ronounced increase as the severity o f  
·stress prog ressed as shown b y  the data o n  RLWC . Th e increase 
probably occur red due to stomatal c losure induced by moisture 
deficits. Troughton (1969 ) found a similar increase in leaf 
diffusion resist ance of  cotton leaves w ith dec reasing water 
content due to stomatal regulation. However ,  sho rt term effects 
o f  sol� r radiation and air temperature � ppear to be superimposed 
on  the genera l trend of  the par amete r. U nexpectedly, the g ap in 
F i g " 4. 
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Relative l eaf water c ontent (RLWC ) o f  oats as inf l uenced 
by water stres s  durinq pe riod  o f  anthesis through ear l y 
grain fo rmation stage (measu red between 1 3 00-1 500 hrs CST) . 
Stage 1 and stage 2 imp l y boot stage and anthesis through 
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ST R E S S  E N D E D  
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22 28 
Le af  d i ff us i on re s i s ta nce ( L D R) of oa t s  as a f fected b y · 
wa te r s t re s s  a t  s ta ge 1 (boo t  s t age ) . Me a s u remen t s  
made b e tween 1 2 00- 1 400 h rs CST. Va l ues of S- < + 0. 3 a re x _ _  
no t s hown . 
2 1  
l eaf diffusion resistance of the un stressed and the stressed pl an ts 
was more on Jun e 16 than that on June 18 . Two an d a hal f times 
greater sol ar energy on Jun e 1 6  as compared to Jun e 18 caused 
tran sien t higher moisture deficits which l ed to greater stomatal 
cl osure. The l eaf diffusion re sistances of the control and the 
stress trea tmen ts on J un e  2 1  are considerabl y l ess than those 
observed on June 2 0 , though th e evapo� ative demand, as in dica ted 
by incomin g sol ar radiation data, seems the same for both days. 
This reversin g tren d resul ted from the fact that air temperature 
on Jun e 2 0  was Z.. -5 C l ess than that on Jun e 2 1. Low temperature 
decreased the vapor diffusion l eading to a higher v al ue of l eaf 
resistan ce. 
The re-c;:overy in l e af resistance of the stressed p l ants was 
al most compl ete on termination of stress, whereas it took 6 days 
for reversal of RLWC. The sl ight stress in  the control pl ants 
from June 2 0- 2 2 , as demon strated by data on RLWC ,  is n ot cl earl y 
eviden t from l eaf resistance data. The ab ove observation and 
greater fl uctuation s of l eaf diffusion resistan ce due to the 
in fl uence of environmental factors suggest that RLWC is a better 
and a more stabl e index of water deficits than l eaf resistance. 
Fig. 6 presen ts interesting resul ts on diurnal trends, a nd  
in teraction of water stress an d il l umination on l eaf resistance of 
the con trol an d the stre ssed oats (stage O .  I l l umination affects 
stomatal moveme n t  through its infl uence on p hotochemical and 
me tab ol l e . activities of gua rd cel l s, whereas moisture deficits 
2 2  
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Interaction of water s tress  and sol a r  radiat i on on 
d i urna l pattern of l e af diffus i on res istance ( L O R) of 
oats at s tage 1 (boot s tage ) .  
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con trol stomatal a ctivity primarily through cha ng i n g  tu rgor pre ssure 
of gua r d  cells. On the cloudy d a y  of J un e  18, the lea f resistan ce 
of con trol plan ts decreased with time d ue to the improved light 
condition s as  can be seen from solar ra dia tion data .  Th is fact 
shows tha t light in the morning wa s limiting for complete stoma tal 
open in g of the con trol plan ts. But in the stressed pla n ts ,  
greater sola r en ergy impact further lowered the turgor pressure of 
lea ves wh i ch in d uced additional  closure of stomata to give h igher 
va lue of leaf resistan ce. On the clear d a y of J un e  2 1, ligh t  directly 
wa s n ot limitin g for stomatal open in g. But in tense ra dian t en ergy 
flux a t  1 3 00 hrs caused slight moisture d eficiency in the control 
plants an d severe de f i cien cy in the stressed pl a n ts. RLWC d ata 
reported in Fig . 3 confirm this con ten tion . Th ese moisture deficit s 
induced stomatal closure with resultan t minor in crease in lea f 
r esistan ce of the con trol plants, but a pronounced in crea se in tha t 
of the stre ssed plants. At 18 00 hrs , th e d ecrea sed sola r en ergy 
r educed moisture d eficits of the stressed lea ves. This change  
stimula ted stomatal open in g  to give a lower value of  l ea f  resistan ce. 
Va n Ba vel (1967 )  noted a similar d ecrea se in ca nopy resistan ce ,  
a s  alfa lfa p l a n ts recovered from wa ter � tress in th e evening. But 
for the con trol pla n ts, light a t  this time wa s proba bly not 
sufficient. Th is ca used a d ditional closure of stoma tal apertures 
to show further in crease in lea f resistan ce. Ward l aw (196 7 )  reported 
tha t light req u i remen ts for physiological activi ty of turgid an d 
stressed l e a ves may b e  differen t. From th e above d iscussion it 
2 5  
would appear that in stressed leaves, water stress is the dominating 
regulator of stoma tal stimuli, whereas in nonstressed leaves light 
t s  the sole regulator. 
The leaf diffusion resistance data reported in Table 1 and 
Figure 7 show that water stress at stage 2 significantly and 
drastically increased leaf resistance as the stress period advanced. 
A progressive increase in leaf resistance of the plants stressed 
at stage 2 resulted from the corresponding decrease in their . 
RLWC ( Fig. 4 ) . But stress at stage 2 appears to give comparatively 
more increase in leaf resistance per decrement of RLWC as compared 
- to stress at stage 2. Slatyer and Bierhuizen (1964) also reported 
an increase in stomatal resistance of cotton with age � Perhaps 
this hap pened due to an increased affinity o f  older cell tissue 
for water and consequently a lowered vapor pressure gradient 
between mesophyll air spaces and ambient air. The report of Yang 
and Jong (1968) that at the same RL\IC, old \'Jheat plants showed 
lower leaf water potential than young plants also lends weight to 
this hypothesis. 
The stress at stage 1 did not give significant interaction 
with stress at stage 2 except at one time on July 5. But plants 
stressed at both stages tended to show higher leaf re�istance than 
plants stressed at stage 2 only. This slight additive effect of 
stress at stage 1 to that of stress at stage 2 was also evident 
from RLWC data. I nterestingly, the plants stressed earlier at 
stage 1 but subsequently watered adequately till harvesting showed 
26 
Table 1 .  Summa ry of statistica l significa nces (f rom ana l ysis of 
va riance) of ma in a nd  interac tion effects of wa te r  stress 
for data on l ea f  diffusion res i stance presen ted in Fig. 7 . 
Stage 
Va r i a ble Day S tage S tage 
2 Stage 
Lea f  diffusi on rests tance, sec /cm 6/28 NS NS NS 
I I  I I  I I  . I I  6/3 0  NS ,':.,'; NS 
I I  I I  I I  I I  7/3 NS ** NS 
I I  t i  I I  I I  7/5 NS �,* NS 
I I  I I  I I  t i  7/9 NS NS NS 
,': Sign i fi can t a t  0 . 05 level 
** S I gn t f l  c an t a t  0 . 0 1  l evel 
NS Non slgnif t ca nt 
2 
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Leaf diffusion resistance (LD R) o f  oats as in f l uenced 
by wate r s tress d u rin g anthesis through ear l y  grain 
formation  per i o d  (measuremen t s  made b e tween 1 200-1 3 00 
hrs C ST ) .  Va l ues o f  Sx < + 0 . 4 are n o t  shown. Stage 1 
re fers to boot stage and-stage 2 to an thesis through 
ear l y  grain formation stage. 
27 
a te ndency to give smal l er val ues of l ea f  resistance tha n  the 
c ontrol pl ants. This e ffec t is more c l e arl y evident from data of 
photosynthesis discussed l ate r. \lith remova l of water stress on 
July 7 ,  l e a f  re sistance recovere d compl e te l y w ithin 2 days. This 
reversa l is similar to the one obse rved with stre ss a t  sta ge 
(Sa nchez--Di a z  an d Kra rre r , 1971) . 
28 
The magnitude of standa rd error e xhibite d conside rabl e rise 
with increase in l eaf  diffusion resistance. This suggests that a s  
seve re wate r � tre ss de ve l ops, there is a need  to run more re p l ica tions 
to put re 1 i a nce  on data of 1 eaf resistance -. 
NET PHOTOSYNTH ESI S 
The effect of wa ter  st ress imposed a t  stage i on the net 
photosynthesis of oats is shown in Fig. 8. The net p hotosynt hetic 
rates (N PR) and l eaf diffusion resistances of turgid oa ts a re in 
a greement with th ose of Criswe l l  and Shibl e s  (1971) . Photos ynthesis 
see ms to be quite sensitive to water  de fic iencie s.  After 10 day s  
of s� re ss, ne t photosy nthetic r ate (NPR) dec l ined t o  20% of its 
pre-stressed l e vel (E l -S ha rka\-.JY a nd He ske th ,  196 4 ;  Troughton, 196 9). 
The drop in NPR ove r the first 7 days of stress was 23% a s  compared 
to 5 7% during the l ast 3 day s. This trend is simil a r  to the one 
observed with RLWC ( Fig. 2 ). But the re duction in NPR during the 
l ater pa rt of stress dura tion wa s much gre ate r  tha n the c orresponding 
drop of RLWC during the same period. This suggests that a t  stage 1, 
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24 26 28 
Net photosynthetic rate ( N PR) o f  oats as inf l uenced by 
water stress at sta ge 1 (boot - stage) . A l I measurements 
we re ma de be twee n 1 30 0- 1 500 h rs  CST .  
29 
stress than i n  the range of sl i ght to moderate stress. Reversal of 
st ress e ffect on rewater i ng was qui te ident i cal to that noted w i th 
RL\IC . L i ke RL�IC, photosynthes i s  results showed that control plants 
were also under stress on June 21. Generally h i gher NPR of the 
control plants on June 1 8  and s ubsequent d ates than that on June 9 
t s  probably d ue to more act i ve growth at the later than at the 
ear l ier stage of crop development. 
The diurnal trends of NPR of the control and the stress 
(stage 1 )  treatments are compared i n  F i g. 9 .  On a cloudy day, N P R  
I ncreased more i n  control plants than in  stressed plants as the 
illuminat i on i mproved w i th advance of the day. Even at very low 
30 
l i ght i ntens i t i es ,  turgid leaves were show ing h i g her rates than 
st ressed leaves. However, the l i ght saturat i on level for nonstressed 
leaves appears h igher than that for stressed leaves. Th i s  o bservat i on 
is i n  close agreement w i th the f ind i ngs of Wardlaw (1967) for wheat. 
In stressed plants, the photosynthet i c  response to l ight i s  restr i cted 
by mo i sture def i c i ts. On a clear day, June 21, both t reatments 
showed maximum photosynthes i s  i n  the morn ing when l i ght ap parently 
was not l i mi ting and water stress level for the day was almost at 
i ts lowest value character i st i c  of each treatment. At 1300 hrs, 
-1 solar energy flux was h i gh amount ing to 1. 5 ly m i n. Th i s  i ntense 
energy i mpact lowered leaf water potent i al i n  both treatments. Th is  
resul ted i n  reduct ion of photosynthes i s  pr i mar i ly through closure 
of stomatal apertures. In the even i �g  at 1800 hrs , both the stressed 
and the cqntrol plants tended to show an increase i n  photosynthes i s  
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F i g. 9 .  Diurnal pattern of net photos�nth etic rate (NPR) of oats 
as  affected by water st ress and solar radiation at 
stage 1 (boot stage) . 
) 1  
afte r s ome recovery from the previous s tress following decreased 
solar radia tion. T he diurnal photosynthetic trend s are quite in 
line with the d iurnal RUIC patterns shown in Fig .  3. However, 
increase in photosynthes is at 18 00 hrs in control plants is 
contradictory to the corre sponding increase of leaf d if fus ion 
resi stance (Fig. 6 ), if s tomatal move ment is cons idered th e major 
factor controlling the two parameters . This d isagreement is not 
explainable . 
Water stress at s tage 2 also brou ght about a significant 
and pronounce d decreas e in NPR (Table 2 and Fig. 10). The decli ne 
pro gre ss ively increased with the s everity o f  stres s. I nte restingly , 
the ear l ie r  s tres s  generally made a significan t cont ribution to 
offset the harmf ul effects of the later stres s on photosynthesis . 
But as observe d earlier with leaf d if fu sion res istance (Fig. 7) 
and Rn/C (Fig. 4), the s tress at stage 1 tende d to augment the 
adve rse effects of  the stres s at s tage 2 .  This dif ferential 
res pon se of NPR and leaf dif fus ion resis tance s ugges ts that · the 
resid ual effect of the earlier s tre ss  on the two parameters resulted 
from two dif ferent mechanisms . On leaf diff u sion res is tance, it 
probably occu rred from changes in dif fusive ca pacity o f  mesophyll 
cell walls an d stomatal cavities. But o n  NPR, it followed f rom 
adapta tion of enzymatic and chlorophyll sys tems . Bourque and 
Naylor (197 1 )  also found that prior des iccati on ind uce d  tolerance 




Tab l e  2 .  Summa ry of statistica l significa nces (from ana lysis of 
va riance) of main a nd interaction effects of water stress 
fo r d ata on net photosynthetic ra te presented in F i g . 1 o .  
Stage 
Va ria ble Day Sta g e  Sta ge 
2 Stage 2 
Net pho tosynthetic ra te, mg -2 -1 CO2 dm h r  6/28 NS NS NS 
I I  I I  I I  I I  6/3 0 NS *--" NS 
I I  I I  I I  I I  7/3 NS ** NS 
I I  I I  I I  I I  7/5 *'" ** -.'c 
I I  I I  I I  I I  7/9 * i':4': NS 
I I  I I  I I  I i  · 7/ 1 3 . ,h'r. * )" NS 
l l  I I  I I  I I  7/ 1 5  l•( -.'C ,'r* NS 
,'c Significa nt at  o . os l eve 1 
'"* S i gn  I fl ca nt a t  0. 0 1  leve 1 
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F i g. 1 0 . Net photosynt hetic rate ( NPR) _of oats  as influenced by 
wa ter s tres s durin g a n thesis t h rough early grain 
format ion period (measured between 0900-11 00 hrs C ST) .  
Stage 1 an d sta ge 2 refer to b oo t  s tage and anthesis 
through ea rly grain forma tion s ta ge respectively. 
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Ano the r  in t eres ting feature o f  the s t udy is that on rew ate ring 
the re cove ry of NPR from  s tress a t  s tage 2 was rro re gra d ual and 
incomplete as compa red to th e recovery from s tres s  a t  s t age 1 · (Fig . 8 ). 
This may have res ulted f rom decrea se  in chlorophyll conten t as s t ress 
vis ually caus ed greater yellowing o f  leaves at s tage 2 t han at s tage 1. 
But plan ts  s t res s ed a t  bo th s ta ges s howed rapid and complete recovery . 
This further confirms the earlier hypo thes is that s tress  at s tage 1 
con ditioned the plants to withs tand the dele terio us effects o f  late r 
s tre ss  bette r. 
Plan ts s t res s ed earlier at s tage 1 b ut t hereafter irrigate d  
adequa tely s howed cons is t en tly and , on  the whole, s ignifican tly 
hi gher NPR than the cont rol pi ants .  This indica t es that s tres s a t  
the boo t deve lopment  s tage s omehm-., enhanced poten tial activity o f  
plants which on rew a tering became dynamic to compens a te for the 
loss es occurred d uring the s t re s s . 
The above res ults ha ve clearly demons tra t ed tha t  e ven periodic 
mod era te to s evere water s tre ss can markedly d is tu rb photosynthes is 
an d other phys iologica l activities o f  oa ts. These effects can s erve 
as reliable in dexes to predict reductions in ultimate crop yields as 
will be evident  fro m the res ults on y ie ld components reporte d in the 
ne xt chapte r. A clos er corres ponden ce between R LWC an d photo syn thes is 
than between lea f d if fus ion res is tance and photosynthes is s ugges ts 
that RLWC , which is a direct meas ure o f  interna l lea f w ater s tatus , 
is a b� t te r  indicato r of  s tress  than -lea f d iffus ion res is t an ce .  
Another fa� t o f  s ignificance is that , in phys iological meas urerrents ,  
simultaneous solar radiation es timates are essential for correct  
assessment and interpretation of water stress effects. I n  in ter­
pretation of plan t-water stress rela tionships, an important fact 
needs to be kept in mind. Stressed plants generally show higher 
temperatures than turgid plants. So temperature in i ts own way 
might have also contributed to the adverse effec ts of stress. 
ABSTRACT 
I n  an effort to quantify the relat-ionships b et,-Jeen \.-..,ater 
s t re ss and various physiological processes , oats (Avena sativa L. ) 
were subjected to severe moisture deficits of 10- 1 1 days at the boot 
and at the anthesis through early grain forma tion s tages under field 
environments. Di u rna 1 as  we 1 1  as seasona 1 measurements on re 1 a t  i ve 
leaf water content, leaf diffusion resistance, ne t photosynthesis 
and incoming solar radiation were made during the stress period. 
At either s t a ge of crop developmen t, pronounced progressive 
decrease in net photosynthesis and increase in leaf diffusion 
resistance occurred as the s everity of s tress, moni tored by relative 
leaf wa ter con tent, progressed during the stress period. t n  the 
last days of s tress duration, the photosynthe tic rates were about 
20% of the pre-stressed level. The stress a t  both stages in 
combination exhibited significantly higher photosynthesis than the 
stress at the later stage alone, probably due to adap tation of 
the pho tosynthetic system. Besides the s tress duration, the pa ttern 
of solar e�ergy flux also greatly regulated the degree of stress 
36 
and the d i urn al pa tterns of the physiological parame ters studied. 
Solar radia tion x w ater stress interaction v aried in turgid and 
stresse d leaves. Photosynthesis relate d b etter to relative water 
content tha n  leaf d iffusion resistance. Results in d icated that 
RLWC is a better index of stre ss effects on plants than leaf 
diffusion resistan ce . 
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On rewatering, relative leaf water con tent an d leaf d iffusion 
resistance of the stressed plants recovered completely after some 
d ays. However, unlike the plants stressed at the boot stage , the 
photosynthesis of the plants stressed a t  the an thesis through 
gral n formation stage showed a more grad ual an d partial recovery. 
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CHAPTER 11 
G RO\ffH AND Y I  EL D RES POf�SE OF OATS TO WATER STRES S 
For optimiz ation o f  \>J ater-use efficiency and for impro vcrre nt 
of o th er agronomic pract ic es, it is impo r t ant to know the q uant it at ive 
effect o f  water st ress on grov, th and y i eld charac t eri sties o f  major 
crops under field cond itions. From a survey of literature it  appears 
th at oats h ave b een give n lit t le at te ntion in this re spect. Since 
classic al stu dies o f  Briggs an d Sh antz (1 91 6 )  and lat er on work of  
Van D er Paauw ( 1 94 9) on  wate r  relat ions o f  o ats, lit tle re s earch 
h as been done to investigate the yield response of  oat s  to w ater 
stress, e spec ially with consid erat ion for cu rre nt concepts  of  so i l­
plant-moistu re relationsh ips. 
Recent st udie s  (Robins and Domingo, 1 9 5 3  and 1 9 56 ;  De nmead 
and Sh aw,  1 96 0 ;  Namken, 1 965;  War dlaw, 1 967 and 1 97 1 ;  C lasssen 
and Sh aw, 1 970 )_ h ave pro vided some qu antitative info rmat io n  which 
shows that severity o f  wate r  st re ss on growth and yie ld compone nts  
of  corn, wheat , potato  and co t ton depended great ly on  the  plant 
d evel opment st age a t  w hich the stress was applied. Rob ins and 
Domingo (1 9 5 3), Denme ad and Sh aw (1 96 0 ) , and Claassen and Shaw (1 97 0 )  
reporte d corn to h ave maximum sensitivity to  stress d u ring tasselling 
a nd silking period s when  4-8 d ays drou ght red uced grain yields by 
abou t 5 0% .  Bu t Downey ( 1 97 1 ) fou nd maximum dec line of similar 
magnitu de  from wat er � t ress at grain filling st age .  Nix and 
Fitzpatrick (1 969 ) note d that t he greate st d ecline in grain yields 
of wh eat and sorghum occurred when the moisture deficiency extended 
from th e time of head emerge nce through anthesis to early g r ain 
developme nt. 
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The adverse effect s of  water stre ss o n  crop  yield s m ay result 
from eith er one or  mor e  mechanisms such as reduced assimilato ry 
surface associated with retarded leaf and stem growth (Denme ad and 
Shaw, 1960 ) , d ecreased photosynthetic efficiency (Ward law, 197 1; 
Sandh u  and Horton, 1973 ; Asana et al., 1953 ) , accelerated leaf 
senescence and pre maturity (Rob ins and Domingo , 195 6 ; \far dla\-1, 197 1) , 
and promoted sterility o f  reproductive organs (Ro bins and Domingo , 
19 5 3 ; \Jardlaw,  197 1; and Van Der Paauw � 194 9). 
St udies on iOO t di stribution pat terns o f  crops are essential 
for better understanding of  their nutritional and water use needs in 
relation to fertiliz ation and water management prog r ams. As such, 
the nature and magnitude of root growth to changes in soil  moisture 
conditions are of  great interest to an agro nomist. Due to the large 
expense of time and labor invo lved in root sampling and separation, 
limited work has been done on root behavio r under  various soil 
water regime s in the fiel d. Studies by Doss et al. ( 1 96 0) , Tay lor 
and Klepper (197 1 ) and Kmoch et al. ( 1 957 )  have sho\m that rooting 
depth increased as the soil moisture in the surface lay ers d ecre ased. 
Oth er inve stiga tions (\ / right ,  1962 ; Doss et al. , 1 96 0 ;  G erard , 1971, 
and Sa lim et al. , 1965 )  indicated that incr ease in soi 1 water tension 
prog ressively retarded  the root elong ation and depre sse d  the root  
\-Je i ght . 
This study was undertaken to make a quantitative assessment 
of growth and yield response of oats to water deficits imposed at 
various growth stages and to analyze the relationships among gro\�th 
and yield components .  
MATERIALS AND METHODS 
The experimental l ayout, conduct, treatments , and genera l  
procedures of this investigation are the same as described in 
Chapter 1 .  But details of measurements pertinent to this study 
are presented as follows : 
Plant heights on June 9, 16 and 2 2  were estimated from the 
ground leve l  to t he top o f  the vertica l l y  stretched leaves . By 
July 2 ,  the heads had emerged out of the leaf sheaths, therefore, 
the height measurements after this day were made from ground level 
to the top of the panic l es. All heights measured up to Ju t y· ! a 
were based on the same 8 randomly selected main shoots in each pot ; 
however ,  the last height determined on July 1 7 was based on all 
the shoots within a pot. 
Leaf area index was determined on three dates--June 1 8, 28  
and July 17--on one replication of each of the contro l and the 
stressed plants (stage _ 1) . Prior to application of water stress, 
70 plant leapes o f  different size and age groups were randomly 
selected from various pots . Each one was measured for l ength and 
maximum w i dth and later on was run for ·actual area estimation using 
conventiona l ammonia blue-print technique. An ave rage area factor 
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o f  0 .77 computed from the ratios of actua l leaf area/dimensional l eaf 
area for each lea f was used to determine l eaf area index from l ength 
and width measurements of sampled l eaves. Eight p lants were selected 
at random in each pot and samp l ed for l eaf area measurement. 
The leaf area index of the control and the stressed treatments 
was worked out on the basis of 5 5  p lants in a pot. 
The p lants were harvested at ground l eve l on August 1 0, 197 2, 
and oven-dried at 105 C .  Various p lant components, as reported in 
the resu l ts, were samp l ed for the counts and weights. 
After the harvest of the crop, one replication from each of 
the four treatments was sampled to determ i ne root yie l d  and root 
di st r ibution . Fou r s oil fractions, each  of  1 5  cm depth i nte rva l ,  
were successive l y  removed from each pot and transferred to separate 
stee l baskets containing tap water. The contents of the baskets were 
vigorously agitated with a wooden rod to break c l ods and to sepa rate 
roots from soi l particles. The suspension of each depth interva l  
was fi l tered through a set of two metal screens, the top one of 16-
mesh and the bottom one of 40-mesh, using simu l taneous l y  a gent 1e  
stream of tap water. Roots col l ected upon the sieves were combined , 
oven-dried , cleaned and weighed. 
Statistical analysis of the data was done according to Stee 1 
and Torrie ( 1 960) . Step-wise multiple regression analysis was run 
on the poo l ed data of all the treatments to deve l op multiple 
regression equations to predict kernel y i e l d  and dry matter production 
from other independent p lant variables. Kernel yield was related 
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to four variables-- shoots headed and matured, total s pikelet s /panicle, 
spikelet sterility, and ke rnel weight/25 0 spi kelets . Dry matter 
production was related to th ree independent variables --kernel yield , 
tops weight excluding panicles, panicle weight excludin g  kernels . 
The computer program used for analysis selected the most significant 
variable in the first step and the next significant variable in the 
next step and so on. At each step of the program, s um of s quares 
regres sed for the step, cumulative proportion of sum of s quares 
2 regres s ed (R  ) ,  regres sion coefficients for the variables entered 
and intercept were printed out . Ratio of sum of s quares attributable 
to regres sion for that step and the error mean s quares of the 
equation wa s checked a gainst th e tabulated F value at  0. 05 l evel 
of probability to test the significance of the regres sion equation . 
The nonsignificant variables were not included in the regres sion 
equation s. 
The analysis of variance for data of the growth and yield 
characteristics i s  reported in Appendix I I . The detailed s ummary 
of step-wise multiple regressions i s given in Appendix I I I .  
R ESULTS AND  D I SCUSS I O N 
PLANT HE IGHT AN D L EA F AREA  I N DEX 
The influence of water s tress  on plant height and leaf area 
index i s  shown in Table 3 . Th e plant height da ta of June 9 indicate 
that prior to water s t res s, which developed about June 11, all 
Table 3. Effect of water stress on p l ant  hei ght and leaf area i nd ex of oats. 
Treatments an d stgntfican ce 
1 eve1 s 
1. Control 
a/ . 2 . Stress at stage T 
b/ 
3. Stress at stage T 
4 .  Stress at stage 1 + stress at s tage 2 
Sign i f i cance levels : 
( a n aly sts of variance) 
Stage 1 
Stage 2 
S tage 1 x stage 2 
·Jdc Sign i ficant at 0 . 0 1  level 
NS Nonslgn i ficant 
a/ Boot sta ge 
9 
3 9 . 8  
40. 3 
40 . 2  




b/ Anthesis through early grai n formation stage 
Plant  heigh t�
/ 
cm 
J un e? Ju ly 
16 2 2  2 17 
-
56 . 6  67. 7 7 9. 9 69 . 6  
44. 7 47. 6 60 . 4  58. 2 
5 5 . 8 66 . 9  71. 1 60. 4  
46.6 49. 2  57. 8 49. 4  
*:'t *-,'t ,'d( ** 
NS NS ,i,'( ** 
NS NS NS NS 
Leaf area in dex  
J un e  July 
18 28 19 
1 0. 4  9 .9 7. 9 
4 . 8  s .  1 6 . 7 
c/ Plan t heigh ts of June 9, 16 , 2 2  an d July 2 we re based on the s ame .8 
wh ere as the height of July 17 was based on all the s hoots of a pot. 
of 5 replications. 
ran domly selecte d matn sh oots, 
The reported values are mean s 
.t:­w 
plants were showing similar growth. The data show that water stress 
at stage 1 signi ficantly (p<0. 0 1) depressed the height. The results 
of relative leaf water content reported in Fig. 2 indicate that 
the plants were under slight to moderate stress from June 11 to 
June 16 but under moder ate to severe stress from June 16 to J une 2 2 �  
From June 1 1  to 16, the stressed plants grew an a verage o f  4 . 7  cm 
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as compared to 16.8 cm for the control. During the period J une 16-22 , 
the growth increments for the stressed and the contro l treatments 
were, respectively , 2.9 cm and 1 1. 1  cm. These o bservations clearly 
demonstrate that enlar gement of leaves and stem w as shar ply red uced 
even by slight to rroderate water stress. However, data on net 
photosynthetic rate reported in  Fig .  8 illustrate that net photo­
synthetic rate suffered more ad versely with severe moisture deficits 
than with minor to moderate deficits. These results suggest that 
at sta ge 1, cell elongation suffers earlier and is more sensitive 
to moisture deficits than net photosynthesis. Boyer ( 197 0) and 
Wardlaw ( 1969 ) also expressed similar opinions. 
From examination of data on physiological measurements given 
in Chapter I and the results of  plant height (Ta ble 3 ) , it can be 
safely presumed that prior to stress initiation leaf area index of 
the plants subjected to various treatments was similar. Seven days 
of stress from June 1 1  to June 18 reduced the leaf area index o f  
stressed plants to  less than half that of nonstressed plants . 
Small�r and narrower leaves of the stressed plants associated with 
pronounced cessation of cell expansion brought about this marked 
dec l ine in l eaf area index. These results are supported by the 
wor k  o f  Jordan (1 970 )  who indicated that leaf area inc rease is more 
sens i tive to moisture defic i ts than heigh t increase . The results 
of plant height and leaf a rea index for J une 22 and July 1 7  show 
that afte r te rmination of  water s tress on June 22, the stressed 
plants (stage 1 )  exhibited more active growth than the control 
plants and partial ly compensated the earlier losses i n  plant height 
and leaf a rea index. Barlow and Boersma ( 197 2) a lso found that 
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the post-st ress elongation rate of corn was highe r than that of 
unstressed plant s. This trend o f  renewed active g rowth of previously 
stressed p l ants is in conformity with the similar observation on 
photosynthet i c  da t a  dep i c ted in Fig. 1 0 . Dec reas e in lea f  a rea 
index of the control p l ants with time suggests that  afte r June 18 
new leaf growth almost ceased but senescence o f  o l de r  leaves 
inc reased. 
Five-day stress extending f rom J une 28 to July 2 at stage 2 
red�ced the plant heigh t by about 9 cm. Afte r t e rmination of stress 
on July 7, no recovery was observed as ev i denced by the data for 
July 1 7  (Table 3 ) . These results may be expected because the pe riod 
of enla rgement of stem and panicles supposedly expired before July 7, 
the last day of st ress •. S tress at s tage 1 d i d not show significant 
inte raction with s tress at stage 2. But the plants stressed at 
both stages showed more depression in plant h eight than the  plants 
stressed singly at either stage 1 or st �ge 2. 
OTHE R G ROWTH COMPON EN TS 
The effects of moisture deficits applied at stage 1 as well 
as at stage 2 on shoots/pot and spikelets/panicle are presented in 
Table 4 .  The count of total shoots/pot made on Ju l y  2 1, 4 weeks 
after the removal of stress a t  stage 1 and 2 weeks after the remova l 
of stress at stage 2,  clear l y  shows that stress at each stage caused 
a significant (p <0.0 1) increase in the number of shoots. The effect 
was particul arly pronounced with the p l ants stressed at stage 1 
which ga ve 37% increase as compared to the contro l .  This suggests 
that on re\-Jatering, the stressed plants showed renewed ini tiation 
of secondary ti l lers and active growth. Previous f y  this trend of 
the treatment was documented by acce l erated photosynthesis and 
growth rates. Namken ( 1 965) reported similar accelerated revival 
of new growth of cotton when following stress the plants were 
adequately watered. There is no evidence to support the contention , 
but the acce l erated growth may have occurred due to accumu l ation of 
essential so l utes and growth promoting substances during stress 
which were a vailable for growth when the l imiting water supp l y was 
restored. Results of shoots headed and matured, taken at harvest, 
indicate that most of the stress-induced secondary tillers d i d  not 
head and mature. This may ha ve occurred because at the time of 
head and grain development the tota l photosynthetic capacity lagged 
behind the enhanced potential sink for assimilates resulting from 
the increased nurrber of ti l lers. Resu l ts show that in treatments 
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Table 4. Effect of water s tress on s ome g rowth characteri s ti c� of  oats . 
Treatments and 
s i gni f1cance levels 
1 .  C ontrol 
al 
2. Stress at s tage T 
b/ 
3 .  Stress at stage '! 
4 .  Stress at s tage 1 + 
s tres s at stage 2 
Sign i fi cance level s :  
(analys i s  of variance) 
Stage 1 
Stage 2 
Stage 1 x s tage 2 
* S i gnificant at 0. 0 5 leve l 
** Signi fi cant at 0 . 0 1  level 




b ut not 
matured 
7/2 1 8/ 10 
No No 
234 0 
3 2 1  0 





a/ Boot stage 














c/ Reported values are avera ges of fi ve repli cati ons 
Per panicl e 
Total Ferti l e  Ster i 1 e � -
spike lets s pi kel ets spikelets 
No No % 
2 1. 5 2 0.5 4.8 
15. 3 14.4 6 . 1 
18. 3 15.2 17. 1 
1 5 . 9 14. 9  6 . 4 
;'d( *'': *''-
' i': ,Ht ,'c* 








19. 3  
17 . 9  






of stress at stage 2 alone and stress at both stages combined, 
none of  the post-stress formed tillers matured. In fact, a large 
number of pre-stress formed shoots a l so did not head and ripen. 
This could have happened due to a limited supply of p hotosynthates 
as a result of the sharp decline in net p hotosynthesis with w ater 
stress at stage 2 and its slow and incomplete recovery during the 
post-stress period ( Fig. 10) . 
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Stress at either stage resulted in significant ( p <0.0 1) 
reduction in the height of the stem above .the flag leaf. As expected, 
stress at stage 1 significantly added to the inhibitory effect on 
stem elongation of stress at stage 2.  
Stress imposed a t eit her stage brought about a significant 
(p<0.05) and marked decrease in the number of total spikelets/panicle 
and fertile spikelets/panicle. However, the deleterious effect of 
the earlier stress on total spikelets/panicle was greater than that 
of the later stress. This _ may be expected because the sp i kelet 
formation, which largely occurs during t he boot stage, coincided 
with reduced photosynthesis foll-owing imposition of water stress. 
T he injurious effect of stress at stage 2 is rather difficult to 
explain. Possibly, some of the secondary shoots were in the active 
boot development stage w hen the later stress, w hich was based on the 
age of main shoots, was imposed. Interestingly, stress at stage 1 
as well as stress at sta ge 2 significantly promoted sterility of 
spikelets. The influence of water str�ss at stage 2 was about 
' three times as large as that of stress at stage 1. Stage 1 x stage 2 
intera ction was significant (p<0.0 1) for all the growth components 
reported in Table 4 .  These results corroborate the findings of 
Van Der Paauw ( 1 949 )  and Wardlaw ( 1 97 1 ) who found that occurrerice 
of moisture deficits during emergence of panicles in oats and 
during anthesis  stage in wheat caused sterility and reduction in 
seed set. It seems that stress -induced sterility at stage 1 re­
sulted from barrennes s of male parts whereas that at stage 2 resulted 
from malfunctioning of female parts . It is  difficult to say 
whether the mechanism was as sociated w i th direct desiccation effect 
of water stress or its indirect effect through change in plant 
temperat ure. 
V i  EL D COMPON ENTS 
The yield data of oats reported in Table 5 show that water 
stress at each stage resu l ted in a significant (p<0. 0 1) and 
considerable drop in yields of all the components s tudied. Similar l y, 
Wells and Dubetz ( 1970) reported 3 0% decline in grain yield of 
barley when the plants were stres sed at boot sta ge for 1 0  days. 
Wardlaw ( 1 97 1 ) als o  found la rge a dverse effects on certain yield 
factors of wheat with water stress of 6 days at the anthcsis sta ge. 
Yield reductions f rom the later s tress were far g reater than those 
from the earlier stres s .  Van Der Paall\4 ( 1 94 9) reported similar 
results when he found that gra l n  yield of _oats s howed maximum 
sensitivity to drought during emergenc� of panicles than at any 
other time. This period pa rtia l l y  cor responds with our anthesis 
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Table 5.  Effect of water stress on yield components of oats expressed as oven dry weigh t/pot. 
Treatments and T ops Panicles- Dry Sp i kelets- - P anic 1 es 
si gnl f i cance levels without matter without 
panicles prod uc- spik e lets 
tion 
2 - _ ____ g _ ____ g - - -- - 9 - -- - - - g - - ------
1 • Control 200 . 2  
( 1 00 . 0 )  
al 
2 .  S tress at stage T 153. 2 
( 76. 5 )  
b/ 
3 .  S tress at stage 2 1 4 4 . 6  
( 72. 2) 
4 . S tress at stage 1 117. 7 
+ stress at s tage 2 
Signifitance levels: 
( analysis of variance) 
S ta ge 1 ,� ;•: 
S tage 2 *·" 
Stage 1 x stage 2 NS 
* Significant at 0.05 level 
** Si gnificant at 0.0 1 level 
NS Nonsignificant 
a/ Boot stage 
221 .2  4 2 1 . 4  
( 1 0 0 . 0 )  ( 1 0 0 . 0 )  
17 2. 7 3 26. 0 
( 78. 1 )  ( 77. 1• ) 
9 1 .  9 2 36 . 5  
( 4 1 . 5 )  ( 5 6 .  1) 
69. 1 180 . 8  
( 5 5 . 8 )  ( 3 1 . 2) 
;'c ;'c ,'c ;'c 
;'de ;': -;': 
-I, ;': 
b/ Anthest s  through early grain formation stage 
198.8 22 . 4  
( 1 oo . 0 )  (10 0 .0 )  
156. 7 16 . 0  
( 78. 8 )  ( 71. 4) 
8 1•.  2 7. 7 
(42 .l-t) { 34. 4 )  
63 . 4  5 . 7 
(42 .  9 )  (3 1. 9) 
-.blc * -!( 
-Id� ,':* 
-;": ,': ·lt 
Straw Kerne 1 s 
whol e Deh u1 1 ed 
- g - -- g g 
26 5 .  7 155 . 7  11 4 .  1 
( 1 00.  0 )  ( 100 .  0 )  ( 10 0. 0 )  
20 0 . 8  125 . 2 76 . 6 
( 75 . 6 )  (8 0. 4 )  ( 6  7 .  1 )  
170.4 66. 1 42 . 1 
( 64. 1) ( 4 2. 5 )  ( 36 . 9 ) 
129. 7 5 1. 1  35 . 8 




Straw :  
kerne 1 s 
ratio 
1. 7 1  
1 .6 0 
2 . 58 
2 . 54 
(3 1. 4 ) 
cl The g iven val ues are averages of five replications. The values in parentheses represent percentages 
of the control. 
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and early grain format ion s tage. As compared to the control, t he 
s tress a t  stage 1 produced a relatively uniform decrease of 2 1 - 24% 
in all the yield characterist i cs excep t dehulled kernels wh i c h 
showed 33% decl i ne. Relat i ve sensitivity of the yield components 
to wa ter stress at stage 2 depended upon whether the development of 
a certain component occurred largely before or after the i nit i a tion 
of  s tress. Yield drop i n  tops withou t panicles, which mos tly 
developed prior to stress applicat i on, was 28% in contrast to a bout 
58% in pan i cles, spikelets, and kernels, which largely developed 
during and after the s tress period. The decrease in tops without 
pan i cles probably resulted from reduced accumula tion of assim i la tes 
in stems fo i lowing retarded pho tosynthes i s  dur i ng stress at stage 2. 
Contrary to expecta tion, the later stress when compared to t he 
earl i er s tress affected even straw yield more adversely. This may 
be explained due to restricted growth of secondary tillers from 
s tress a t  s ta ge 2 and more active growt h of newly ini tiated ti 1 lers 
af ter recovery from st ress at s tage 1. 
Comparison of the percent y i  e 1 d da ta of ke rne 1 s and dehul led 
kernels s h0\'-1S an interesting feature. Dehul-led kernels ap peared 
to be more sensitive to moisture def i cits a t  either o f  t he b-10 
s tages t han kernels. Sandhu and Horton ( 1 973)  noted similar 
differential influence of water stress on these y i eld components 
of oa ts in a greenhouse s tudy. Grain fi 1 1  ing is a later development 
process and is a greater sink for p hotosynthet i c  material than hull 
5 1  
' formation. As such , w i th a l i m i ted supply of assimilates , the former 
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t s  expected to s uffer more than the latter. The lack of photosynthetic 
material in the plants stressed at stage 2 occurred from reduced 
photosynthetic rate. 
Water stress at stage 1 tended to lower the straw : kerne l 
yield ratio due to greater sensitivity of str aw than kernels to 
moisture deficiency. But plants stressed at stage 2 showed pronounced 
increase in the ratio, as water stress depressed g rain yield much 
more than the straw . Van Der Paa uw ( 194 9) reported similar response 
of straw : grain yield ratio to drought. 
Stage 1 x stage 2 interaction was generally significant . This 
suggests that the earlier stress produced an additive effect on the 
sensitivity of yield components to the later  stres s .  
The marked reductions in the yields of various oat components 
with water stress are the direct consequence of sharp decline of 
photosynthesis during and s ubsequent to stress periods. Though the 
duration and intensity of water stress at both stages was comp ara ble, 
yield components of oats showed more sensitivity to stress at the 
anthesis through early grain formation stage than at the boot stage . 
· This is due to the fact that at grain development stage the period 
of maximum demand for photosynthates ex actly paralleled the period 
of sharp fall in photosynthesis. On the other hand, upon rewatering, 
the plants stressed at boot stage had enough time to recover and 
compensate partially for losses incurred d uring s �ress duration. 
Table 6 presents components of · step-wise mu l tiple regressi9n 
equations to predict kernel yield and dry matter p roduction from 
T able 6. Step-wise multiple regression .for estima ting kernel yield and dry matter production of 
oats from oth er independent yield components . 





(Y 1 ) 
Dry matter 
prod uc tion 
/pot (Y2 ) 
variables 
X 





2 .  Total spikelets/ 
panicle (x ) 
3. S pikelet 2 
steri 1 i ty_ (x3
) 
1 .  Kerne 1 yi e 1 d /  
pot (x J 
2 .  Tops wL ex­
c 1 udi ng 
' panicles /pot 
(x2)  
3 .  Panic les wt. 
excluding 
ke rne 1 s/pot 
(x3
) 





o. 48** 6 . 55** - 1 . 62** 
0 .  89''::'t 1. 09** O. 95�'c': 
determination error of re -
es timate gression 
2 eq uation 
0 .  972,': ,'t 8. 17 7. 21�·=* -89. 25  
1. 0 0Q,'t* 1. 40 1 99. 95** 2 .60  
: . l 
\.n 
w 
other independent yield characterist i cs. Only three var i ables, i.e. 
shoots headed and matured/pot, tota l sp i kelets/panicle and spikelet 
sterility, made significant contr i bution to the sum of squares 
attributable to regress i on. A value of 0 . 97 2  for the coeff i cient 
of determ i nation ( R2) shows that these three var i ables account fo r 
97%  of the variat i on in kernel y i eld . The progressive step-wise 
analysis showed that shoo ts headed a n d  matured/pot, total spikelets/ 
panicle and spikelet ster i l i ty contributed 78%, 16% and 3% ,  respect i vely, 
to the total variat i on. As th ree fourths of  the data used for analysis 
came from stressed plants , it seems that water stress largely caused 
reduction in the kernel y i eld by reduction i n  the number of matured 
shoot s . Var i a tion i n  d ry ma tter prod uction was comp l etely expla i ned  
by the three variables, i.e . kernel yie l d/pot, tops we ight exclud ing 
panicles/pot and panicles weight exclud i ng kernels/pot, each one of 
which was found signi f i cant (r 2 = 1 .00) .  Greatest variat i on i n  the 
dry matter production came from kernel yield/pot (R  for the step = 
0 . 968) . 
Simple correlat i on coeffi c i ents among va rio us y i eld components 
of oats based on pooled data of the treatments are g i ven i n  the 
correlation matrix of Table 7 . Most of the signifi cant correlations 
are quite clear to understand and are not d i scussed. Kernel yield 
showed a highly signif i cant (p<0. 0 1) pos i tive correlat i on with 
shoots headed and matu red/pot , total sp i kelets/panicle and dry matter 
production, but a negat i ve cor relat i on with sp i ke let ster i lity. The 
significa�t ne gative cor relat i on of shoots headed and matured vs 
Table 7 .  Linear cor relatio n  coe ffic ients for d ifferent yield components of o ats. 
i ndependent Desc ri ption 
vari a ble 
X 
1 Kernel yield/pot 
2 Shoo ts heade d  and 
matured/pot 
3 Total· sp i kelets / 
panic le 
4 Sp i ke 1 et s te r I 1 i ty , 
5 Kerne 1 wt/250 
spi ke le ts  
6 Dry matter 
production/pot 
7 Tops wt. ex-
. ' elud i ng kernels/ 
pot 
8 Panlcles wt. ex-
eluding kernels/ 
po t 
* S i gn i f i cant at 0 . 0 5  l evel 
** S i g nificah t a t  0. 0 1  level 
2 
0 . 89;': ,'c 
I n dependent var: ab 1e2 x 
3 ij 5 l> 7 
0 . 5 1* -o . 5 1  ,'c 0 . 08 O . 98�':,'c 0 . 92H 
o .  1 4  -0 . '¾3* -o . 1 9 o . a3�':* o . 72;':* 
0 . 02 o. 3 1  0 . 64M: 0. 77-.'dt 
-0. 26 -o • '• 1 -0. 26 




0 . 84Mc 
0 . 56-.'dt 
-0 . 46* 
0 .24  
0 . 9$,b': 




sp f kelet sterility (r = -0.4 3) shows that fertility increased , as 
plants showed active growth to head and mature a greater number of 
shoots. The change in number of matured shoots had  litt l e  influence 
on tota l spikelets/panicle and kernel weight/2 50 spikelets ( r = 0 . 1 4, 
r = -0 . 19 respectively) . The number of spikelets per panicle did not 
affect the spikelet sterility at all (r = 0 . 02) . An interesting 
significant association was observed between spikelet sterility and 
panicles weight excluding kernels (r = - 0. 46) . The panicles w eight 
excluding kernels comprises primarily the weight of floral parts 
such as palea and lemma . Apparently , improved growth of floral 
parts decreased the sterility . Possibly healthy floral parts provided 
protection to  the ·reproductive organs agains t des i cc(l t i n g  irnd high 
temperature effects of water stress during the pollination and 
fertilization processes . 
ROOT Y I E LD AN D DIST RIBUTION 
The root yield and distribution dat a  reported in Table 8 show 
that, compared to the control , t he water stress at stage 1 caused 
about 24Z decrease in root weight which was mostly confined to the 
0- 15 cm soil layer .  Because of greater water upta ke by plants as 
evidenced from greater root density (at least 60% prior to stress) 
and direct evaporation , the surface layer w as depleted of soil water 
sooner and to greater extent than the deeper layers. Enhanced 
soil strength and restricted \'1ater movement to roots fol lm•.Jing 
decrease in soi 1 water depressed new root growth and encouraged 
T ab l e  8. Effect of wate r s tres s  on root yie l d and di s tr i buti on of oats (o ven dry wt. /pot) . 
cl 
Root yielct of va ri ous soil depth inte rvals Total yie ld 
Treatments e xpre s sed  as 
0 -1 5cm 15-30cm 3 0-4Scm 45-60cm Total 
g g g 
' 1. Control 7 .  1 2 . 2  1 . 7  
( 5 7 .  7 )  ( 1 7 . 9 )  ( 1 3 . 8 ) 
a/  
2 .  Stre ss at  stage 1 4 . 2  1 . 6 1 . 4 
( 44 . 7 )  ( 1 7 . 7 ) ( 1 4 . 9) 
b/  
3. Stress at stage 2 5 . 5  2. 0  1 .6 
( 45 . 8 )  ( 1 6 . 7 ) ( 1 3 . 3 )  
4. Stre ss at sta ge 1 + 4 .5  1 . 2 1 • 1 
stress at  stage 2 (46 . 9) ( 1 2 . 5 )  ( 1 1 . 5 ) 
a/ Boot stage, 
b/ Anthesis through ea rly gra i n  formation s tage 
g g 
1 . 3 12. 3 
( 10.6 ) ( 1 00 . 0 )  
2 . 2 9. 4 
(2 3 .  4 )  ( 1 00 .  0 ) 
2 . 9  1 2 .0  
(2 4 . 2 ) ( 1 00 .0 ) 
2 . 8  9 .6 
(29 . 1 ) ( 1 00 .  0 )  
c/ The n umber enclose d in parentheses  indicates percent root distrib ution fo r the 
respective soil de pth interval. 
% o f  
control 
1 00 
76 . 4 
97 .5 




root decay in the surface layer. Wright ( 1 962)  reported similar loss  
in root weight of blue panicgras s as  the soil water tension increased. 
The % root distribution pattern obse rved in the control plants of 
this study agrees nicely with that found by Mc Neill and Frey ( 1 969 ) 
for adequately watered field-grown oats. 
Water stres s  at stage 2 alone or in combination with stage 
did not apparently show its  adverse effect on the root yield. The 
differen tial effect of the t\'IO stre s ses was probably due to greater 
root density in the surface layer and greater root activity at 
early development stage 1 than at the later sta ge 2. Cons equently, 
soi l  water de pletion, es pecially in the surface layer , proved more 
cri tica l fo r roo t g rowth at stage 1 t han at s ta ge 2 .  
Another interesting feature of the data i s  that water s tres s  
at either stage alone or a t their combination caused greater proportion 
of roots to deepen. These results confirm the earlier findings of 
Dos s et al. ( 1 960 )  that rootin g depths of warm season forage s pecies 
increased with  decrease in soil water content. The decreas�  in root 
density of the surface layer \'las almos t equally balanced by the 
increa se in the 4 5-60  cm depth interval with lit tle change in the 
intermediate depths.  The above pattern of root res ponse sugges t s  
the hypothesis tha t  for most of the s tres s  period soil strength in 
the surface , intermediate ,  and deeper layers was,  res pectively, above , 
at and below the critical level for root exten sion. Visually i t  was 
found tha t  roots of the s tres sed trea tment s  were finer and more 
profusely  branched than those of t he control plants. Salim et al. 
(1965) reported s i m i lar results with oats. The deleter i ous effect 
of wate r stress on root g rowth  was not as g reat as that on the tops. 
59 
From the exam i nation of the above results, it seems that 
water stress response of foliar parts cannot always be associated \�ith 
that o f  root y i eld. For i nstance, stress at stage 2 showed a 
pronounced decl i ne in al t the vegetative and gra i n components, but 
p roduced  no effect on the total root yield . 
A BSTRACT 
A study was conducted under field environments to evaluate 
the ef fect of a 10-1 1  day water stress inte rval on growth and y i eld 
componen t s  of s p r i ng oats (Avena sative L e , Va rie ty Jaycee ) �  The 
stress was imposed at the boot stage, at anthesis th rough early 
grain fo rmation stage and at both stages in combination. 
Wate r stress at e i ther  stage of crop development caused a 
signi ficant and p ronounced decrease in g rowth rates of  stems and 
leaves. Moistu re def i cits at boot stage reduced lea f  area index by 
50% as compared to the control plants. Stem and leaf elongation 
appeared to be mo re sensitive to moisture deficiency than net 
photosynthes i s  especially at slight to moderate stress levels. On 
rewatering, the plants stressed at the boot stage deve l oped new flush 
of secondary tille rs. Consequent l y, this treatme�t tended to produce 
a g reater  number of matu red shoots /pot than the control. But stress 
at a�thes l s th rough early g rain formation stage alone as well as in 
comb i nat l on with boot stage b rought about a significant and a sharp 
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. decrease i n  the counts of th i s  parameter. Al 1 the stress treatments 
s i gn i f i cantly reduced the number of sp i kelets per pan i cle and promoted 
the ster i 1 i ty of sp i kelets. The i ncrease i n  ster i l i ty was espec i ally 
more pronounced w ith stress at anthes i s  through gra i n  format i on 
stage. 
E very stress treatment sho\ved a marked dec l i ne i n  the y i elds 
of tops w ithout pan i cles, pan i cles, pan i cles w i thout sp i kelets, dry 
matter product i on, straw, kernels and dehulled kernels. Mo i sture 
def i c i ts at boot stage decreased straw y l eld by 25%  and kernel y i eld 
by 20% , whereas w i th water stress at anthes i s  through gra i n  format ion 
stage these reduct i ons were 36% and 57%, respect i vely. Appl i cat ion of 
s t rn ss a t  both s ta ges p ro d u ce d  the ma x i mum a dverse e ffect \v i th 5i% 
decrease i n  straw yield and 69% dec rease i n  kernel y i eld. Mo i sture 
def i c i ency at e i ther stage depressed dehulled kernel y i eld more 
than whole kernel y i eld. Th i s  observat i on shows that gra i n  f i ll i ng 
proved relat i vely more sens i ti ve to water stress than hull formati on. 
CHAPTE R 111 
PLA ! ff TEMPERATURE  A ND WAT E R  USE 
AS IN FLUENCED BY \�ATER STR ESS 
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In many of  the  earlier investigations, air temperature has 
generally been used to study plant temperat�re relationships. Recent 
studies o f  Pallas et al. ( 1967), Tanner ( 1963) , and Gates ( 1963) 
have shown that plant temperature may differ from ambient air 
temperature by 1-20 C, because the equi l ibrium between plants and 
the changing en vironment rarely attains a steady-state condition. 
Such  tempera ture differences, e_specially near the extremes, may 
have lethal effects on plant g rowth and development. Therefore, 
conclusions regarding p l an t  behavior based on air temperature may 
be erroneous. This realization has renewed interes t  in monitoring 
hourly, diurnal, and seasonal trends of plant temperatures to 
re-evaluate interrelationships of temperature regime with key plant 
processes such as photosynthesis, respiration, a n d  transpiration and 
with environmental stresses due to moisture deficits or  plant 
pathogens. The potential capabilities of remote sensing for 
explorato ry and predictive purposes have further elevated interest 
in using plant temperatures as indicators of plant response to 
envi ronrnents. Horton et a l . ( 1 970 )  and Myers et al. ( 1 97 0) have 
pointed out that monitoring of canopy temperature from satellites 
and aircra ft may enable d elineation o f  cropped  areas with moisture 
deficits. 
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Crop canopy temperature increases or decreases depending upon 
whether the net radiation f l ux on plant surfaces exceeds or lags 
behind the net energy loss through the major heat dissipation processes 
of convect i on and transpiration. Changes in weather elements and 
plant moisture conditions resu l t  in shifting of the direction and 
magnitude of these energy exchange processes which in turn cause 
f l uctuations in p l ant temperatures. Development of moisture deficits 
tends to warm plants primarily through cutting l atent heat loss from 
plant surface. Water stress may also indirect l y  influence plant 
temperatures through modification of reflection and absorption 
characteristics of p l ants . 
Many worke rs (Pa l las e t  a l . ,  1967 ; Wiegand and Namken , 1966 ; 
Mil l er et al. , 197 1;  Rahn and Brown, 197 1 ;  Aston and Van Bavel , 1972 )  
have found that water stressed plants showed higher temper�tures 
than adequately watered plants. Palmer ( 1967) and Eaton and Belden 
( 1929) indicated that plant temperatures varied with crop varieties . 
De.termination of air-plant temperature difference is important for 
studies on transpiration and plant susceptibility to insects and 
pathogens. t�umerous studies (Wiegand and Namken , 1966 ; Waggoner 
and Shaw , 19 52;  Curtis , 1936;  Van Bavel and Ehrler, 1968) have sho\-m 
that on cloudless days , especially during mid-day , the temperature 
of even optimally watered plants is generally higher than ambient 
air temperature. In contrast to this , other find l ngs ( Eaton and 
Belden , 1929; Palmer , 1 967 ; Penman a�d Long, 1960; Carlson, 197 2; 
Hi l ler et al. , 197 1 )  illustrated that ambient air temperature was 
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warme r  than p l ant temperature under similar conditions. Gates ( 1964) , 
Linacre ( 1964 )  and Drake et al . (1970) expressed the opinion that 
whether leaf-air temperature di fference (TL - TA) is positive or 
negative depends upon air temperature. They found that (TL - TA) 
was pos i tive at air temperatures below 30 C, was close to zero at 
air temperatu res from 30- 40 C and was negative when air temperature 
exceeded approximately 40 C. 
Water-use efficiency of plants under water stressed and 
unstressed conditions has been extensively studied as a selection 
crite rion of drought-to l erant strains ( Dobrenz et a l .  1969 ; Briggs 
and Shantz, 19 13 ; Keller , 1953) . It is wel l accepted· that ap p l ication 
of wa te r s tre s s  reduces tota l wa te r u se  b y  a c rop. But t he re i s  no 
unanimity of opinion regarding the influence of moisture deficits 
on water-use efficiency . Campbe l l  and Ferguso n (1969), and Maurer 
et a l .  ( 1969) reported that wa ter stress did not change the moisture 
use per unit of dry matter production of wheat and snap beans. 
Downey ( 197 1 )  noted that water-use efficiency of corn improved with 
water stress. But the resu l ts of Gifford and Jensen ( 1967) with 
alfa l fa and of Van Der Paauw ( 1949) with oats showed that moisture 
de ficits markedly lowered the water-use efficiency. 
Little information is available on how the temperatu re of 
oa ts res ponds to water stress. Therefo re, this study was undertaken 
to determine the effect of water stress on diurnal and seasona l 
temperature trends o f  fie l d-cultivated oats and to evaluate plant 
tempera ture as an indicator o f  plan t moisture deficits. The s tudy 
also investigat ed the water-use rela tionships of s t ressed and 
unstressed oats. 
M ATER I ALS AND METHODS 
The experimental layou t and the general procedures of this 
investiga tion have already been described in Chapter I .  The 
methodology and instrumen tation used to record lea f temperature, 
canopy temperature, ambient  air temperature and modi fied net 
radiation are detailed as fol lows : 
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Leaf temperature was se·nsed with cop per-cons tantan thermocouple 
Junc t i on s  kep t  i n  con tact wi th the u pper surface o f  oat leaves. To 
improve sensitivity and contac t  with the leaves, the thermocouples 
were made from fine copper and cons tantan wires of 3 0  gauge. Thermo­
couple junc tions were positioned aside the mid-rib near the cent ral 
portion of well-developed secondmost leaves from the top. The wire 
le�ds J us t  behind the junctions were at tached to the leaves with 
transparen t tape. In order to maintain free exchange of energy 
between thermocouples and environments , the junctions were not 
covered with tape. The leads were supported on vertical wooden 
stakes o f  diameter 1. 0  cm i ns ta I led within po ts.  App roxima tely 
10-12 cm leads \.-Jere le ft  free bet\.,,reen t he poin ts of a t tachment on 
the 1 eave-s and the s takes to f ac i 1 i tate movemen t of 1 eaves with 
wind ac tivity. While a t t aching thermocoup l es, maximum care was 
' taken to ens ure that j unctions remained in contac t  with leaf sur faces. 
One thermocouple was positioned in each replication. The 
leads of the 5 therrrocouples corresponding to the 5 replications of 
each treatmen t were joined in paralle l and referenced to ice point 
w i th an electric re ference j unction. The mean output of  the 
treatment was monitored with mu l tipoin t potentiometric reco rders . 
Ambient air temperature was measured with a therrrocouple fabricated 
from copper and constantan wires of 24 gauge and suspended  in  the 
air at a height approximately corresponding to the height of the 
leaf thermocouples. The output of each set of leaf the rrrocoup les 
and the air therroocouple was checked with tabulated val ues at ice 
point and at boi 1 in g point of vJater. Thermocouples shO\-Jing a 
va ria ti on of mo re than 15 m i crovo l ts f rom the tabu l ated va l ues  we re 
discarded . Leaf an d air temperatures were recorded for o n l y  the 
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last two days of water stress at stage 1. Subsequently, the tempera­
tures were measured continuously unti l 1 0  days a fter term i nation o f  
water stress at  stage 2. Dur i ng the two day stress at stage 1 ,  the 
air thermocouple remained exposed to the sun, but later on it was 
kept shaded  with 20-by 3 0-cm wooden shie l d  to provide p rotect i on 
against direct radiation effect during day l ight hours. 
The canopy temperature was measured with a Barnes  In f rared  
Thermometer, mode l IT-3 with a temperatu re range of - 10 C to  +6 0 C. 
Whil e measuring temperature, the instrumen t  was manually scanned 
about 1 5  cm above the centra l portion of  the p l ant. canopy. Tempera­
ture was read direct l y  from the meter. 
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Minia ture net rad i ometers of t he type descr i bed by Fritschen 
( 19 60) were used, a fter some const ructiona l  mod i fica t i on ,  to determ i ne 
the modified net radia tion over  the s tressed and t he unst ressed oa ts. 
A PVC cy l ind r i ca l  t ube of match i ng diameter designed t o  l im i t t he 
radiome ter fie l d  of  view was temporar i l y  anchored a round t he brass 
ring of the instrument so that one end o f  the tube was fit ted a ga i nst 
the surface of  the ring. One mod i f i ed radiomete r was positioned 
a bove the canopy of the st ressed oats and the othe r  above the canopy 
o f  the unstressed oats. The a ttachment .o f  t he tube and the adjustment 
of  net radiometer  height above t he canopy enab l ed the inst rument to 
sense the outgoing rad i a tion from the t reatment area onl y  and no t from 
the s u r round i n g a rea. S ince the o u t goin g rad i ation came from a 
limited area, the modif i ed net radia tion was g rea ter t han the net 
radiation sensed under norma l condit i ons. 
The output s i gna l s  of l eaf tempe ra ture, air temperat ure , and 
modified ne t rad i ometers were carried through cab l es to  a tempe rature ­
c6ntro 1 1ed trai l er st a t i oned nea rby wh i ch housed t he reco rd i n g 
I nstruments. C ont i nuous record i ng was done on s t rip cha r t  recorde rs. 
Point read i ngs of p r i n ted  output  a t  1 0- 1 5 minute interva l s  were 
recorded and converted into correspon ding temperat ures and net 
ra dia tions. The data  of  on l y  re l a t i vely c 1ear days of J une 22 , June 
23 , Ju l y  1 and J u l y  5 have been repo r ted and discussed . 
Wate r  use by the crop was ob tained by monitor i ng soi 1  moist u re 
in the 1 5  to  60  cm depth w i th a neu t ron  probe and meter and in the 
sur face l ayer by g ravime t r i c  samp l i ng. 
The incoming solar radiat i on data were ob tained by an Eppley 
radiome ter which was located approximately 225 meters east of  the 
experimental plo t and reported by the U S  Na tional Oceanographic 
and Atmospheric Administration Station, Brookings. 
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Canopy temperature data were statist i cally analyzed according 
to Steel and Torrie ( 1960) .  The analysis of variance for the data 
is given in Appendix I. 
RESULTS Al-J D D ISCUSS IOH 
LEAF AND CAtWPY TE MPE RATU RES 
Oa t leaf temperature and amb i ent a i r  temperature data for 
J une 22, the l ast day of water stress at stage 1 ,  are re ported in 
Fig. 1 1 . It was a clear day with an i ncoming solar flux of about 
1 . 3 cal cm- 2 min- l at mid-day w i th intermittent clouds for short 
in tervals between 1200 and 1400 hrs .  D ur i ng the prev i ous night, 
the data (not reported) showed that the stressed and the control 
plants temperat ures were approximately the same. The lowest nocturnal 
leaf temperature of about 6 C was recorded at 0 440 hrs. After sunr i se, 
the leaf temperatures and ambient air temperature exh i b i ted rapid 
rise with increase in so l ar radiat i on unt i l  about, 1000 h rs at  
v-1hich time the rate of i ncrease slowed. The important feature of 
the data is that the stressed leaves were found warmer than the 
control leaves throughout the solar day. The d i fference in leaf 
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T I M E  ( hr s  C S T ) 
Fig o 1 1 .  Diurnal trend of  oat leaf  temperature as inf l uence d 
by water s tres s  imposed  a t  s tage 1 (boot s ta ge ) .  
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started building up with increase in short wave radiation and attained 
the maximum value of 4-5 C between 1 500- 1 700 hrs. Afterwards, 
(TSL - TC L
) starte d declining rapidly with fall in solar radiation 
intensity and approached zero at 2000 hrs. The observed (T - T ) S L  CL 
during day l i ght hours is attributed to more acti ve transpirationa l 
cooling i n  the contro l p l ants than the  stressed plants. The fact 
that on this day stressed oats showed 23% l ess RLWC ( Fig . 2) and 
22 sec/cm higher leaf diffusion resistance ( Fig. 5) than the control 
oats suggests that transpiration rate of the stressed plan ts was 
much less than that of the contro l plants. These resul ts are quite 
in agreement with the findings of Wiegand and Namken ( 1 966) v,ho 
reported a 3 . 6  C i ncrease in leaf temperature o f  cotton w ith 24% 
decrease in RLWC. 
The air te mperature remained higher than leaf temperatures 
during night hours and during the early part of the  morning hours . 
But from 0930 hrs to 2000 hrs, ambient air temperature genera l l y  
varied between the control leaf temperature and the stressed l eaf 
temperature except a peak rise between 1300 and 1 500 hrs . This 
rapid i ncrease i n  air temperature apparently resulted from the 
arrival of a warm air-front . 
The stress was· endcd o n  June  2 2  at a bout 2 100 hrs. The leaf 
and air temperature p l ots for June 23 are given in Fi g. 12 to 
examine the effects of recovery from the previous - stress. June  23 
was a clear warm day until 1 400 hrs with peak solar ener gy flux 
(.) 
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Figo  1 2 . 
TIM E ( hrs C ST ) 
Diurnal pattern of oat lea f tempe rature of the pre viously 
water stressed (boot stage )  pla nts d uring recovery period. 
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- 2 . - 1  of 1. 3 0  ca 1 cm m , n at 1 230  hrs . After 1400  hrs , c l ouds appeared 
and short wave radiation dropped to and remained re l ative l y  constant 
at approximate l y  0 . 5 ca l cm- 2 min- l unti l 1700 hrs after which a 
gradua l dec l ine continued unti l sunset. The previous l y  stressed 
leaves showed diurna l  temperature trends simi l ar to that of the 
contro l l eaves. This suggests that p l ants recovered comp lete l y  
from the previous stress in less than a day. The similarity in 
leaf diffusion resistance of the two treatments after termination 
of stress as i l l ustrated by resu l ts o f  Fig. 5 shm, s that transpiration 
rate per unit leaf surface was the same i n  both cases. Therefore , 
the difference in temperature n·oted ear l ier during stress on June 22 
had pure l y resu l ted from the dif ference in transpi rat i ona 1 coo l in g .  
Dur i ng active transpiration from 11 00 hrs to 1400 hrs, the leaf 
temperature was 5-7 C coo ler than air temperature . Car l son ( 197 2) 
a l so found that air temperature was 6-9 C warmer than canopy 
temperature of irrigated sorghum during its active growth period 
before heading. Bartho l ic et a l . ( 197 2) found a canopy temperature 
diffe rence of 6 C between the most a nd the l east water stressed 
cotton p l ots . �ith appearan ce of c l ouds a t - 1 4 1 5 hrs , there was 
steep fa l 1 in leaf temperature as we l 1 as air temperature. The 
decrease in net radiation impinging upon l eaves reduced the amount 
of therma l  energy uti l ized in l atent heat f l ux .  Consequent l y ,  
tra nspiration rate dropped with accompanying dec l ine of air- l eaf 
temperature d i fference to on l y  2-2 . s · c . 
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The variation in canopy temperatures of the con trol and the 
s tressed (stage 1 )  plants as influenced by water stress is illustrated 
in Fig. 13. Generally , the t emperature difference between th� 
stressed canopy and the control canopy (T - T ) increased as S C  C C  
additional water \-Jas extracted from stressed plants with time. 
However, the influence of solar radiation intensity seems superimposed 
on the general trend. On the days of greater radiation , the increase 
in transpira tion rate was more in the control plants than in -the 
s tressed plants. As a result of that , the add i tional cooling of 
the control plants increased the magnitude of (Ts e - Tee > • The 
leaf temperatures on the whole showed higher values than the canopy 
temperatures. The temperature of the well-exposed top leaves 
which were sampled for monitoring leaf temperature should be higher 
than the lower shaded leaves o f  the canopy. Therefore, the canopy 
temperature which represents the overal 1 perspective of temperature 
regime of the crop profile is ·expected to b e  lower than the observed 
leaf temperature. But the data of {Tse - T ee) fitted nicely with 
results of (TS L  - TC L)
. For example, (Tse - Tee
) on J une 22  at 1 600 
hrs was 4.8 C which compares wel l with 4.2 C, the value of (TSL -
T
C L) 
a t  the same time. After removal of stress, the previous l y  
stressed plants shm-Jed ·a t rrost the same canopy temperature as that 
of the control plants. Ambient air temperature genera l ly remained 
higher than canopy temperatures except on June 20  �hen it was l ower 
than canopy temperature of the stressed plants. This was probably · 
due to ,the fac t that J une 20 was cooler than other days. 
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J U N E  
2 5  
Seasona l patte rn o f  oat canopy _tempe ratu re dur i ng wate r 
stress at stage 1 (boot stagc ) o Ave rage so 1a r radiat i on 
fl ux du r i ng the per i ods o f  temperat u re measu rements made 
b etween 1200-1600 h rs C ST i s  a l so repo rte d. 
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D i urnal amb i ent a i r temperature and leaf temperature trends 
of the plants dur i ng stress at stage 2 for July 1 are graphed i n  
F i g .  14 . J uly 1 \-Jas a warm br i ght cloudless day . By th i s  ti me, 
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the plan ts stressed at stage 2 we re under moi sture def i c i ts for 3 
days  and they were exper i enc i ng moderate stress (RLWC 7 7% )  as i s  
ev i dent f rom RLWC data g i ven i n  F i g . 4 .  At pre-dawn t i me of 05 00 
hrs, the a i r temperature was generally 1-2 C wa rmer than the leaf 
tempe ratures. I nterest i ngly , at thi s  t i me, the plants stressed at 
both stages were cooler by 1 C than the control and the stressed 
(stage 2) plants v-1h i ch showed i denti cal temperature . As solar 
rad i ati on i ncreased after sunr i se, ai r ·and leaf tempe ratu res elevated 
r�p i d 1 y  unti l 1 00 0  to 1 1 00 h i s .  However, lea f  temperatures, 
espec i ally of the stressed plants , exh i b i ted greater i ncrease as 
compared to amb i ent a ir  temperatu re . Th i s  shows that plants 
responded qu i cker than ai r to the i ncreas i ng load of i mp i ng i ng 
rad i at i on ,  b ecause plants possess greater abso rpt i v i ty than a i r. The 
lea f  temperature of the stressed plants conti nued to i ncrease for 
1 -2 hrs l onger than t he contro 1 leaf temperature or  a i r temperature . 
The plants stressed at both stages, wh i ch we re the coolest unti l 
070 0 h rs, became the warmest at 1100 hrs. The peak for leaf 
temperatures and amb i ent a i r temperature for the day occurred at 
1000-1200 hrs. The peak of the stressed leaves was parti cularly 
more pronounced than that of the control leaves. The peak probably 
resu lted from blow i ng of hotter w i nd dur i ng th i s  per i od. From 
1200 -1600 hrs, the leaf and a i r  tempe ratures rema i ned relati vely 
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JULY I, 1 9 7 2  
C O N T R O L  L E A F  
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T I M E  { h rs C S T ) 
F i g .  1 4. Diurna l t rend of oat l eaf tempe rature as a ffected b y  
water st ress at stage 2 (anthesis th rough ea r l y  g ra i n 
fo rmat i on stage) on Ju l y 1 ,  1 972. 
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cons tan t, after which time temperature started fa l l ing rapid l y  with  
dimini shin g o f  t he  ra diation f l ux .  At about 21 00 hrs wh en th e so l ar 
radiation approached zero, th e g reater emission of l ong wave ra diation 
from the l eave s  made them coo l er than air. As observed at 0500 hrs ,  
the p 1 a n  t s  stres sed at  both s tages became coo 1 er t han  the  cont ro 1 
and the s tre ssed (s tage 2 )  p l ants . 
The interestin g feature of the data is  that the s tre ssed  p l an ts  
s howed higher l eaf temperature than  the con tro l p l ants throughout 
the day l igh t  hours . The maximum difference wa s noted at 1100 hrs 
when the p l a nts s tressed at both s ta ges were 4. 5 C warmer tha n  the 
contro l  p l a n t s. During the h otter part of the day, the s tress  at 
both s ta ges  in genera l made the . p l ants 2. 5 - 3. 5 C wa rmer than  the  
con tro l and 1-2 C warmer than the stres s at s ta ge 2 on l y. Ambient 
air temperature durin g this period remained coo l er than  the s tres sed 
p l an ts but warme r  than the ·contro l p l a nts . This s hows that a 
grea t  part of the impingin g s ol ar ener gy h a s  been  con sumed in the 
�reces s  of active trans piration from t he control p l ants . But l imited 
tran s piration from the s tressed l eaves red uced the energy l os s  
throu gh l atent heat f l ux w i th the res u l t that  thes e  l e a ves became 
warmer. Hank s et a l . (1968)  reported tha t  oats s howed ET equ a l  1. 5 
time s  net radiation du ring th e period of J u l y 4-14 at Akron , 
Col orado and extracted greater amount of e nergy from air than  wheat 
and a native gra s s . Pa l mer (1 967) reported s imi l ar diurna l 
re l ation ships  of ambie nt air temperature, a nd irrigated  and  
, non-irriga ted l ea ves  about 4 C warmer tha n  the  irrigated ones.  
The leaf and air temperature data for July 5 are p resented 
in Fig. 1 5. The day was relatively clear except intermittent clouds 
between 1 000-1 200 hrs. The stressed plants we re under severe 
moistu re deficits (R LWC 60�� )  as is clea r f rom the RLWC d ata of 
Fig. · 4 .  The gene ral relationship a rrong the lea f  tempe ratu res of 
plants stressed at  various stages is simila r to the one obse rved 
for July 1 .  The plants stressed at  both stages were generally 1 -2 C 
wa rmer than the plants stressed at sta ge 2 only which shovJed 2-3 C 
higher tempe ratu re than the control. A significant indica tion of 
the results is that the magnitude of temperature differences of 
the stressed leaves and the control leaves on July 5 was the same 
as tha t of j u i y 1 ,  though the p l ants on July 5 were under much 
g reater stress than on July 1 as is obvious f rom RLWC data in 
Fig. 5. This points out that whe reas plant temperature dif ference 
of the stressed and the ir rigated oats can be  qualitative l y  used 
as a reliable index of wate r st ress, it may , howeve r, be difficult 
to adopt this diffe rential as a quantitative measure of wate r 
stress level in plants. The lack of f u rther increase in plant 
temperature gap between th e stressed a nd the nonst ressed plant� 
afte r a certain degree of stress is reached can be attributed to 
two factors. Firstly, as �he tempe ra ture gradient between the 
stressed plants and the su rrounding environments increases, the 
ra te of ene r gy loss through sensible heat transfe r- also increases. 
S etondly, the inc reasing wate r st ress enhances the wilting and 
d roopi�g down of lea ves. This reduces the sola r ene rgy impact 
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JULY 5, 1 9 7 2  
C ONTROL  L E A F  
- - - - - STR E SS E D  (STAGE 2 )  L E AF 
0--0--0 S T R E SSED  ( S TAGE I + S TAGE 2 )  L E AF.  
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Fig. 150 Diurnal pat tern of oa t lea f  temperature as  affected by 
water s t ress a t  sta ge  2 {anthesis through early gra in 
forma tion stage) on July 5, 197 2. 
22 
-...J co 
a s  a result o f  g reate r a ngle o f  in cidence a nd reduced exposure o f  
plant su rface t o  the s un. Probably the second factor \.-Ja s rro re 
p redomin ant in this case. 
The res pon s e  pattern o f  lea f temperatures and  a mbient ai r 
tempe ra tu re to changes o f  sola r radiation in the mornin g and in the 
late a fternoon in general paralleled that o f  July 1 .  The lea f  
temperature o f  the plants stressed a t  both s ta ges appea red mo re 
sen sitive to sola r radiation inc rease  on the morning of J uly 5 
than that of  July 1 .  The temperatu re valleys A and  B o f  the figu re 
s uggest that plants res pond immediately and  quicker tha n air to 
abrupt chan ges o f  the environment. A heavy cloud sudde nly an d 
ma rkedly dec reas ed ra di�n t energy flux  for a bout  1 0  min utes  a.t 1 020  
h r s . The lea f temperatu res immediate l y  d ropped  down b y  6-7 C, 
wherea s the d rop in ai r tempe ratu re was relatively much s maller. 
A simila r type _ o f  fluctuatip� though o f _les s ma gnitude o cc�rre� 
at 162 0  h rs .  C a rlson ( 1 9 72 )  also noted s imila r rapid response 
of  plants to  envi ronmental changes . 
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Fig. 16 shows noctu rnal lea f  temperatures and  air  temperature 
for July 5 .  Air te�pe ratu re pe rs istently remained 1 . 5-2 C wa rme r 
than  the con trol leaf  temperature. The control plants an d the 
pla nts st res sed at stage 2 alone g ave identical night temperatu re 
as  indica ted by the s ame l i ne. But, interestingly, the plants st res sed 
at both sta ges were consistently 0. 5 -1 C cooler than  the cont rol 
and  s t re s s ed (stage 2) pla nts. Ca rlson ( 197 2) also found that 
non-ir ri,gated sorghum s hO\-.ied lmver canopy temperatu re tha n the 
16 
0 1 2 
4 
JULY 5 ,  1 9 7 2  
CONTROL  L E A F  AND  
0-0-0 STR E SSE D  (STAGE I + STA G E  2 )  L E A F  
�--·-·--· .. ·- A M B I E N T  A I R  
0 2  0 4  0 6  
- T I M E ( h r s  C S T ) 
2 2  2 3  
Noct urna l oat leaf tempe rature as  inf luenced b y  water 
s t res s a t  stage 2 (anthesis th rough ea r l y g rain fo rmation 
s tage) on Ju l y  5, 1 9 72. 
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8 1  
irr i gated sorghum dur i ng n i ght hours . Th ey s ugge sted that the 
temperature gap m i ght have resul ted from difference i n  s pecific heats 
of the irr i gate d  and the non-irrigated plants d ue to var i at i on in 
their water contents .  Th i s  explanation does  not seem to hold good 
in th i s  ca se , becaus e the plants stre ssed at s ta ge 2 alone and 
tho se stre ss ed at both stages contained the s a me amounts of water as  
is  shown i n  F i g . 4 , but exhi b i ted variat i on i n  nocturnal l ea f  
tempera tures .  Suppos edly th e water stres s at b oth stage s brought 
about some changes i n  s pectral character i stics o f  plant t i s sue 
wh i ch enabled it to adopt character i st i cs of a b etter black body.  
The canopy temperature d ata of the control and the stres s ed 
(s tage 2 )  p l an ts  are given in Fig. 1 7 .  These res ults  a re qu i te 
compara ble to those pre sented i n  F i g . 1 3 .  Th i s  shows that develop­
ment s tage o f  the crop did not i nfluence the temperature response 
to wate r .  Moreover, the canopy temperature d i fference of the control 
and the s tres sed  plants at s tage 2 generally compared  well to the 
re spect i ve leaf temperature differentia l. 
The diurnal trends of c anopy temperature of the stre ssed 
(stage 2) and th e control plants for June 30 and Ju l y  5 are reported 
i n  Fig. 18. On both days the s tress ed plants showed h i g her canopy 
temperature than the control pla nt s throughout the s olar day .  The 
difference increas ed with day t i  11 late afternoon and then d ecrea sed 
i n  the eve ning due to decl i ne in s olar rad i at i on.  
The d i fference in modif i ed net rad i at i on of the control 
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J U N E  J U LY 
F i g o 17. Seasonal trend of oat canopy temperature as i nfluenced 
by water s tress at stage 2 (anthesis through ear l y  grain 
format i on stage) . Average solar radiation f l ux for the 
periods of temperature measurements made between 1 300-
1 500 hrs C ST i s  al so shm-.Jn. 
82 
F i g . 1 8 .  
35 J U N E  30 JULY 5 
(SE V E R E  S T R E S S ) ( M I L O  STR E SS )  
---. CONT ROL  P L A N T  C AN O P Y  -- - - - ◄ 
� ST R E S S E D  (STAGE  2 )  P L A N T  C ANOPY tr - - -6. 
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Diu rna l trends of oat canopy temperature as inf l uenced 
by water s tres s a t  s tage 2 (anthesis thro ugh early grain 
format i on s tage) on June 30,  1 97 2  and  Ju l y  5 ,  1972 . 
Ave rage so l ar radia t i on f J ux for t h e  per i od s  of temperature 
meas urements i s  a 1 so sh own. 
o . 1 s f 
E 0 . 1 2  
>, 
<l J U LY 5 ,  1 9 7 2  
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T I M E  ( h r s  C S T )  
F i g. 1 9 . In fluence of  water st ress on modi f i ed net  rad i a t i on of  
oa t s  at anth es i s  throug h e a r l y  grain fo rmat i on stag e. 
!!l R N = mod i f i ed net rad i at i on of  un st re s s ed oats -modif i ed 





radiation of the unstressed oats was higher than that from the 
st re ssed oats th roughout the dayl igh t  hours. The diffe re nce varied 
positive l y  with so l ar radiation f l ux. Th e decrease of net radiation 
above the stressed oats probably resulted from the greater ref l ect i on 
of  short wave radiation in the nea r  inf ra red re gion of 750 - 1350 mµ 
due to changes in the interna l structure of  t h e  l eaf intercel l u l ar 
space s (Gausman et a l . ,  1970)  and from less absorption of radiation 
in 1400-2500 mµ ran ge fo l l owing lo ss of water in l eaves (Th omas 
et al. ,  1971 ) . Car l son et a 1 .  (197 1 )  a l  so reported that ref l ectivity 
from l eave s o f  corn, sorghum, a nd soybean increased as RUIC decrea sed .  
WATER USE 
The data of cumu l ative evapotran spiration (ET) for the contro l 
and the water s tressed oats d urin g the entire growth period are 
repor ted in Fig. 20. The results of water-use efficiency in te rms 
of d ry matte r production and kernel yie l d a re presented in Tabl e 9. 
At the time o f  stress initiation at sta ge 1, a l l p l ants shm-Jed 
s imi l a r  evapotranspiration. With imposition of stress,  ET rate of 
the stressed p l ants dropped ma rkedly as compared to the contro l 
plants. This is evident from the f l attened slopes of the c urves  for 
the stressed plants. Afte r removal of stress at stage 1, plants 
sta rted recovery which was complete VJ i thin 15 days. Later the 
s l ope of this treatment became slightly �reater tha n  the contro l 
p l ants between 5 0-60 days after p l anting .  This imrroved transpiration 
is explainable by resu l ts of growth and yield components reported 
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� 6 S T R E S S E D  AT STAG E 2 
□ STR E S S E D AT STA G E  I + S TA G E  2 
S T R ES S  
STA G E  I 
S T R E SS 
S TAG E 2 
16  32 48 6 4  8 0  
DAY S A F T E R  P L A N T I N G  O F  O AT S  
F i g . 20 . Sea s on a l wa t e r  u s e  b y  o a t s  a s  i n f l uen ce d  b y  wat e r  s t re s s 
i mpos e d  a t  s ta ge  1 (b oot s t a ge )  an d s ta ge 2 ( an th e s i s 
th rough e a r l y  g r a i n forma t i on s t age ) o 
9 6 
a/ 
Tab l e  9 . E ffec t o f  wate r  s t res s on evapot rans pi rat i on (ET) an d wate r-use e f f i c i ency . 
T reatmen t Total ET Wate r-use effi ci ency Wa te r-use effi c i ency 
(D.M. p rod uc tion ) (ke rne l  yi eld) 
cm g/�J g /g 
1 • Con t ro l  65 . 3 3 1 0 8 39 
2 .  St re s s ,  s ta ge s o .  1 3 07 Boo 
3 . St re ss ,  stage 2 48 . o  406 1 45 4 
4 . St ress , s tage 1 36 . 2  400 1 4 15 
+ stage 2 




in Chapter II which s howed that plants exhibited profuse tillering 
and more a ct i ve crop grow th. As shm-m in Figure 20,  stres s at  
stage 2 a l so markedly decrea sed the ET, but , on removal of t his 
stres s, the plants did not recover to the extent that t heir ET 
rate matched th at of the control plants p rior to the onset of 
ma turity and leaf sens cence which reduced ET of control plants . 
From the slope of the curve , it appears that the maximum ET for the 
control plants occu rred between 40-50  days after planting ,  a period 
of head emergence through flowering .  
The plants stre s sed at both stages consumed 36 cm water a s  
compared to 65  c m  by the contr6 1 which means 44% reduction in total 
wa te r  u se .  B ut the pla n ts  s t re s sed at eithe r s ta ge 1 or  s ta ge 2 
s howed only about 2 3-26% decline in cumulative ET. The marked 
reduction in total use with stress  resulted from both decreased 
transpiration rate and sub stantially reduced leaf s ur fa ce area. ET 
lo sses  in gene ral we re very high. This apparently resulted from 
high leaf area index , relatively mo re exposed character of crop 
canopie s in pots  and high physiological a ctivity of the c rop . The 
results of Hanks et al . ( 1 9 68 )  s howed similar high ET rate of 
oats. They found th at during a certain period of growth , the 
evapo ration from oats \,1as as high a s 2. 0 times the evaporation from 
a B P  I pan and amounted to 1 .  5 ti mes the Rn• 
The water stress at the  earlier g rowth sta ge did not 
influence water-use efficiency bas ed on dry matter production and 
' kernel yield . This s hows t hat reduced water consumption ca used 
89 
proportiona l decl ine in grov,th and yie l d  character i stics. Hm-Jever , 
water stress at stage 2 great l y  reduced water-use efficiency in 
terms of either yie l d component. The effect was especial l y  substantial 
with re spect to kerne l yie l d .  This signifie s that adequate water 
availability d uring anthesis through grain formation stage is far 
more important than at boot sta ge.  These findings are quite in 
agreement with the resu l ts of Hi l er et a l .  ( 1 97 2) who reported that 
severe stress at f l owering and pod formation stage of pea s  proved 
worse than stress at vegetative stage in reducing water- use efficiency 
in terms of both dry matter prod uction and  grain yie l d. 
From the resu l ts of this study it can be  concl uded that 
canopy temperature difference of the s tressed and non stre ssed oats 
corre sponded  we l l with the respective l eaf temperature difference. 
I t  was further noted that this canopy temperature differential ho l ds 
promise to differentiate the stressed oats from the un stressed on es 
under fie l d  conditions and to serve as an indicator for irrigation 
sch edu l ing. But it appeared doubtful if t h i s  index can be used for 
a quant i tative assessment of water stress l evel in p l ants. 
ABST RACT 
I nf l uence of water stress on the diurna l and seasona l t rends 
of l eaf and canopy temperatures of spring oats (Avena sativa L. , 
V ar. Jaycee) was studied under field conditions • . The stress was 
impo sed at boot stage, at anthesis through ear l y  grain formation 
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stage and at both stages combined. Results we re reported fo r only 
relative l y  cloudless days. 
I n  general , leaf tempe ratu re of  the water st ressed oats 
was 2. 5 -5. 0 C warme r than that of the adequate l y wate red oats d uring 
the hotte r pa rt of the day . Du ring this period , ambient air tempera­
tu re mostly va ried between the leaf temperatu res of the stressed and 
the unstressed oats. But d uring night time, air temperatu re always 
remained highe r than the leaf tempe ratures. The plants st ressed at 
either stage alone showed noctu rnal leaf temperatu re identical to 
that of  the unst ressed.  However , those st ressed at both stages in 
combination were 0. 5- 1 . 0  C cooler than . the ones st ressed at either 
stage a l on e. F ur ther  inc rease in wa ter  s tress beyon d mod e r a te 
moistu re deficits was appa rently not reflected in leaf temperature 
diffe rence o f  the st ressed and the unstressed oats. On rewatering 
of the stressed oats , the tempe rature response recovered immediate l y  
at boot stage b ut g radually at anthesis throug h  early g rain formation 
stage.  Leaf tempe rature particula rly of the st ressed oats responded 
more rapidly than ai r to increases in incoming sola r radiation after 
sunrise . 
Canopy tempe ratu re trends \-Je re generally s irni la r to those of 
the leaf tempe ratu re. Especially , the canopy temperature dif fe rence 
cif  the st ressed and the unstressed oats co r responded  quite well with 
the respective leaf temperatu re dif fe rer-1ce. The resu l ts indicated 
that canopy tempe ratu re can be  used as a qualitative index to locate 
water deficits in oats. 
9 1  
Water stress at  al l stages substantially reduced the  total 
water use of the crop. B ut the effect was more pronounced with plants 
stressed at both sta ges combined .  Early water stress did not 
influence the water-use efficiency based on dry matter p roduction 
and grain yield. But the late r stress markedly decreased the water­
use e f f i ciency especially in terms o f g rain yield. 
CHAPTER IV 
GEI J E PAL SUMMA RY 
The i nfluence of wate r stress on the phys i ology, g rmvth and 
development , water use, and plant temperature o f  oats (Avena sat i va 
L. , V a r. Jaycee )  was i nvest i gated under f i eld env i ronment. The 
plants we re sub jected to stress for a pe r i od of 1 0- 1 1 days at boot 
stage, at anthesis th rough ea rly g rai n format i on stage, and at both 
stages comb i ned. 
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Phys i olog i cally oats responded rap i d l y to plant rro i stu re 
def i c i ts at all the g r0\-1th stages i nvest i gated.  Relat i ve leaf wate r 
content and net photosynthes i s \-Je re found to be more sens i t i ve i ndexes 
of wate r stress than leaf dif fusi on res i stance. The re was a 
prog ress i ve decrease i n  net photosynthes i s but i nc rease i n  leaf 
d i ffus i on resi stance , w ith  i ncrease of stress sever i ty. Sh ort 
pe r i ods of seve re st ress proved more detr i mental than longe r pe r i ods 
of sl i ght to mo de rate stress. S everely stressed plants e xh i b i ted 
80% decl i ne i n  ph otosynthes i s  as compared to the control. An 
i nte rest i ng observat i on was th at ,  i n  the plants st ressed at b oth 
stages, relat i vely h i gher mo i sture def i c i t  corresponded w i th 
s i gn i f i cantly h i ghe r photosynthet i c rate. Th i s  behav i o r  \/\/as 
att r i buted to the fact that the earl i e r st ress cond i t i oned the 
photosynthet i c  system to better tolerate the adverse e ffects o f  
the la te r stress. The d i urnal and the seasonal trends of leaf  
d i ffus i on res i stance , relat i ve le af water content, and photosynthesi s 
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shov..Jed tha t  \'late r stress  exhibited s trong interaction with so l ar 
radiation on the stomatal ph ysio logy. This fact point s  o ut that 
sola r radiation f l ux shou l d  b e  monitored concurrent with physio l ogical 
measurements fo r co r rect inte rp retation of the wa ter s t re s s  ef fects. 
On rewatering, the p l ants st ressed at anthe sis th rough  ear l y  grain 
formation stage showed a mo re g radua l and incomp l e t e  recove ry of 
photosynth esis than those  · stre s sed a t  other stages. 
As compare d to the ph ysio l ogica l fac tors, the yie l d data 
demonst ra te d  mo re c l ear l y  that ar,thesis through ear l y  grain format i on 
stage was rro re s ensitive to adverse effects of water stres s than 
the boot stage. Al l stress t r�atments p rod uced marked and significant 
red uct i on s  i n  g rowth  and y i e l d  componen ts s uch as l ea f  an d stem 
elongation, numb e r  of spikelets/panic l e , s pikele t fe rti l ity, tops 
without panic l es, panic l es ,  p anic l es without spikelets , kernels , and 
dry matter production . Water deficiency at boot s tage reduced leaf 
area  index by 50%.  Moistu re deficits at the l ater s tage dec reas ed 
s traw yie l d  and ke rne l yiel d by  3 6% and 57%, respective l y. The 
corresponding re d uction s with st res s  at boot stage we re 25% and 20% , 
re spectively. In  gene ra l , t he  ear l ie r  st re s s  significantly added 
to the de l ete rious effects of the l ater s tre s s  with res pect to a l l 
the yield component�  stu died. For example , st res s a t  both stage s 
caus ed depre ssions of 5 1 %  in s traw yie l d  and 69% in kerne l yie l d. 
G rain fi l l ing  p roved re l ative l y  mo re s ensi� i ve to water st res s than 
the hul l for ma tion . On rewate ring , �he p l ants  stres sed at boot 
s tage show ed renewed til l ering and exhibited mo re active g rm-1th 
than the  contro l p lants. The water stres s at boot stage depres sed 
the kerne l yie l d  primari l y by reducing the num ber of spike l ets/ 
panic l e  and by inc reasing spike l et steri l ity. But the stres s at 
anthesis  through grain formation in addition caused substantia l 
yie l d  reductions by reducing the number of  ti l l ers headed and 
ma tured. Onl y the ear l ier stres s  brought about decrease in roo t  
yield. Bu t every stress treatment increas ed the depth o f  rooting . 
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The di urna l and seasona l trends o f  l eaf and cano py tempera­
tures sho\..Jed that at either crop deve l o pment  s ta ge, the s tres s ed oats 
remained 2. 5-5 C \-1armer than the unstres sed oats durin g the hotter 
part of the s o lar day. During these hours, ambient air temperature 
f l uctua ted . between p l ant  te mpe r atures of  the s t res sed and t he 
nons tres s ed oats. D uring nigh t time, ambient air tempera ture was 
a l ways  higher than l eaf temperatures ,  but the p lants s tressed at 
both stages showed 0 . 5 - 1.o · c l o wer temperature than the p lants 
stres sed at  ei t her stage a l one. Leaf temperature, e specia l l y  of 
the p l an t s  s tres s ed a t  both stages, responded more rapid l y  to the 
abrupt changes in the environment than ambient air temperature. 
There was, in genera l , c l o se correspondence between the l eaf 
temperature and the canopy temperature. The resu l ts point o ut that 
cano py temperature can be u sed a s  a rel iab l e  q ua l itative index for 
de l ineation of the stres sed oat s from the unstres sed ones. Stres s 
at the l ater stage considerab l y  reduced the water-u se efficiency 
based on dry ma t ter production and kerne l yie l d. 
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The s tu dy has demons t ra ted that s upplementa l i r rigation dur i n g 
heading th rough g rain fo rmation s ta ge i s  e specially important to  imp rove 
oat yie lds . Resu l ts ind ica ted tha t ,1a te r s tres s  encou ra ged deepening 
of the root- sys tem to pa rtia l l y  o ffset  the d a ma ging e f fects  of  the 
d rought. So it seems impe rative to conduct investigat ions for evolving 
oat va rieties h aving a more a gg re ssive an d deepe r root-system. The 
finding s  of the s tudy indica ted tha t wa ter s t res s at the vegeta tive 
sta ge tended to ha rden the p l ants a gainst the de t rimental influences 
of the l ate r st ress  on photosynthesis • . A mo re elaborate  s tudy is needed 
to ve rify this  contention and to de fine the stre ss l imits useful for 
this pu rpo se. Anoth e r  s tudy of g reat inte rest is to d ete rmine the 
cr i t i ca l  wa te r pote n t ial a t  whic h oa t p l a n ts s t art su f fering under 
fie l d  conditions . Net photosynth etic rate should be  us ed as  the 
tes ting index.  
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AP PEND I X 
Appendix I. Mean s quares from the analys i s  of variance for data of leaf diffusion resistance, net 
photosynthes i s  and cano py temperature of oats. The error term has 1 6  degrees of 
freedom whereas each of the other sources only one de gree o f  freedom. 
Va r i abl e 
Leaf diffus i on res i stance , sec/cm 
I I  i t  I I  I I  
I I  I t  I I  I I  
I t  I I  I t  I I  
I I  I I  I t  I I  
-2 - 1  
Net photosynthetic ra te, mgC0
2
dm hr 
I I  I I  I t  I I  
I I  " I I  I I  
I I  I I  ' I I  I I  
" , I I  I I  t i  
" " I I  I I  
t i  t i  I I  I I  
Day T i me 
hrs 





1 3. 00 
1 3. 0 0  
1 3. 00 
1 3. 0 0  
6/28 1 0 . 00 
6 /30  1 o . o o  
7/3 1 0.00 
7/5 10.00  
7/9 10 . 00 
7 / 1 3 1 0 . 0 0  





I I  
I I  
I I  
I I  
33 
I I  
I I  
I I  
I I  
I I  
I I  
a /  B oot s tage ( stage 1 ) 
b/ Anthe s i s through early g ra in format ion stage (sta ge 2 )  
B
a/ 
o. 1 6  
Mean s quares 
Source- of va� i a t 1 on 
b/ 
G- BxG Error 
0.22 0 . 04 0.06 
54 . 78 692 .66 6.38 25 . 30 
1 0.37 776 1 . 8 0  1 8 . 43 79. 5 4  
34 . 85 1056 1 . 6 1  272. 32 66 . 96 
0 . 02 3. 87  0 . 0 3  1 . 08
 
1.40  
17 .  1 1  
14 . 1 1  
22. 90  
4 1. 47 
6 8 . 45  
5 8 . 82 
1. 98 
132 . 6 1  
598. 42 
350.21  
366 . 3 7 
l.19 . 93 
7 1. 06 
2 .24 
8.58 
0 . 72 
8 . 7 1  
7 .69 
13. 78  
9 .94 
6.39 
5 . 55 




4 . 35 
Append i x  1 .  Con t i n ue d .  
Va r iab le  Day Ti me Page Mean squa re s  
h rs i n  t he Sou r ce of va r 1 ac 1 on 
text 
B
a/ b/ G- BxG Er ror 
P l ant canopy tempe rature, C 6 /28  1 5 . 0 0  82 4 . 6 1  0 . 29 0 . 07 0 . 18 
" " I t  I I  6/30 9 . 0 0  I I  1 . 6 2  13 . 2 8  0 . 04 0 . 19 
I I  t i  I I  I I  6 / 30 15 . 00 I I  0 . 34 35 . 91 0 . 65  o . 4 1 
t i  I I  I I  t i  6/3 0  19 . 0 0 I I  o . 48 1 1. 70 0 . 04 0 . 19 
I I  u I I  I I  7/3 17. 0 0  I I  o .  16 14. 79 0 .97 0.35 
. .  _I I  I t  I I  7/5 9 . 3 0  I I  2 . 11 94 . 6 1  0 . 3 1  o . 89 
I I  I I  I I  I I  7/5 15 . 00 " 0 . 05 1 3 0 . 0 5 4 . 42 0 . 60 
I I  I I  I I  I I  7/5 ' 19 . 0 0  t i  0 . 0 1 3 . 73 o . 42 0 .  16 
I I  I I  I I  I I  7/9 13 . 00 I I  0 . 02 17. 1 1  1 . 5 1  0 . 35 
I I  I I  I I  I I  7/1 3 16 . 0 0 I I  0 . 22 1.20 0 . 04 0 . 08 
Appendix 1 1 . Hean squares from the a n alysis of varian ce for the data on g rowth and yield 
characteristics of oat s. The error term has 16 d egrees of freedom wherea s 
ea ch of the other sources only one d egree of freedom. 
Va rr aitl e Day Page 
in the 
text 
Mean  squares 
Sou rc es of variation 
P l ant h eight, cm 
I I  I I  I I  
t i  I I  I I  
t i  t i  . .  





7 / 17 
No. of total shoots/pot 7/ 21 
No. of ihoots hea ded and 
ma ture d/pot 8/ 10 
S tem length  above flag lea f, cm 8/ 10 
No. of tot a l  sp i kelets/pa nic le 8/ 10 
No. of grained sp l kelets/panic le 8/ 10 
S pikelet st erility , % 8/ 10 
Tops excl ud i ng panicles, g/pot 8/ 10 
Pani cles, g/pot 3/ 1 0  
a/ Boot stage (s ta ge 1) 
43 
I I  
I I  
" 
I I  
47 
I I  
I I  
I I  
I I  
I I  
5 0  
I I  
B
a /  
0 . 31 
562. 86 
9 32. 98 
1 3 5 3 .  0 1  
520 . 2 0 
G
b / 
0 . 11 
2 .  11 
13 . 78 
16 1. 88 
5 00 . 00 
12852 . 45 1786 . 05 
12 . 80 78625 . 8 0 
48 . 3 6 102 . 6 0  
9lt . 6 1  8. 84 
52 . 49 2 9 . 28 
112 . 8 1  196 . 5 6  
787 2. 5 1  14796 . 80 
6 36 1. 74 67872 . 90 
b/ An th esis th rough early grain formation stage  ( staqe 2) 
BxG 
0 . 26 
8 . 5 8  
1 o .  95 
47 . 74 
7 . 2 0  
6 30 1. 25 
6 12 5 . 0 0 
16 . 0 2 
17 . 86 
42 . 05  
180 .  6 0 
257 . 76 
32 3. 04 
E rror 
1. 57  
3 . 21 
7 . 24 
1 8 . 84 
5 . 78 
195 . 45 
213. 33 
o . 4o 
1. 65  
1. 45  
3. 30 
120 . 0 3  
83. 98 
Appendix I I . Con tinued. 
Va r i ab le Day Page Mean  squares 
in the Sources of va r i at i on 
text 
B
a/ b / 
(';- BxG Error 
Dry matter produc t i on, g/pot 8/ 10 50 28508 . 80 1363 39 . 5 8 1978 . 06 366 . 48 
Spike lets, g/pot 8/ 1 0  I I  4958 . 10 54028 . 0 1 5 7 1 . 3 8 73 . 89 
Pa nicles excluding spikelets, 
g/pot 8/ 1 0  " 87 . 36 788 . 77 22. 90 0 . 80 
Kernels, g/pot 8/ 10 I I  2596 . 92 335 13 . 48 298 . 76 43 . 38  
Dehulled kernels, g/pot 8/ 10 I I  2404. 6 2  1 5899 . 1 6  1224 . 6 1  22. 74 
Appendix IV : Incoming sola r ra dia tion during the g rowth  pe riod of  
oats. 
-2 -1 Day o f  So l a r  r ad i a t i on f l ux ,  ca l cm  day 
month May June July  August  
1 668 666 1 93 
2 369 236  1 3 1 
3 5 07 607 623 
4 1 76 426 556 
s 5 1 5 1 30 285 
6 597 593 3 0 1 
7 23 1 5 00 34 7 
8 572 533  200 
9 539 5 7 1  57 1 
1 0  642 562 384 
1 1  43 1 497 
1 2  1 1 4  59 1 424 
1 3  1 39 359 573  
., I 472 523 1 55 I 't 
1 5  6 0 1  682 59 5  
1 6  630  490 592 
1 7  594 268 262 
18 634 z it 1 622 
1 9  466 1 99 3 2 1  
20 575 640 231 
2 .1 560  679 444 
22 1 89 65 7 505 
23  1 54 63 1 609 
24 254 206 63 0 
25 625 603 5 07 
26 555 526 2 1 7 
27 386 42 1 352 
28 4 1 7 590 439 
29 1 4 1 676 59 1 
30 53 8 606 53 0 
3 1 659 45 1 
